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INTRODUCTION 


One  of  my  research  career  goals  is  to  decipher  a  novel  cellular  pathway  which,  when  perturbed, 
leads  to  the  development  of  breast  cancer.  The  proposed  research  of  this  Career  Development 
Award  focused  on  the  unique  viral  oncogenic  determinant  encoded  by  human  adenovirus  type  9 
(Ad9),  a  virus  that  elicits  exclusively  mammary  tumors  in  rats.  Following  infection  of  newborn 
rats  with  Ad9,  female  animals  develop  estrogen-dependent  mammary  tumors  (primarily 
fibroadenomas)  within  multiple  mammary  glands  after  a  three-month  latency  period,  whereas  no 
tumors  of  any  type  form  in  infected  male  rats.  In  contrast  to  other  adenoviruses,  the  tumorigenic 
determinant  of  Ad9  is  the  E4  region-encoded  open  reading  frame  1  (Ad9  E4-ORF1)  oncoprotein. 
Our  results  obtained  to  date  suggest  that  the  oncogenic  functions  of  Ad9  E4-ORF1  are  intimately 
linked  to  its  abilities  both  to  bind  a  specific  group  of  cellular  PDZ  proteins  and  to  activate  the 
phosphoinositide  3-kinase  (PI3-K)  signaling  pathway  in  cells.  The  fact  that  Ad9E4-ORFl 
mutants  unable  to  complex  with  cellular  PDZ  proteins  fail  to  activate  the  PI  3-K  pathway 
suggests  an  intriguing  novel  association  between  these  cellular  factors  and  this  important  signaling 
cascade.  Therefore,  studies  of  this  model  system  may  reveal  a  completely  new  route  for  breast 
cancer  development.  The  main  goal  of  this  project  was  to  elucidate  a  detailed  molecular  model  of 
Ad9  E4-ORF1  oncoprotein  function.  The  two  objectives  of  the  proposed  work  were:  (1)  To 
identify  the  Ad9  E4-ORFl-associated  cellular  proteins  and  (2)  To  reveal  the  mechanism 
whereby  Ad9  E4-ORF1  activates  the  PI  3-K  signaling  pathway  in  cells  {approved  revised 
objective). 
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BODY 


TECHNICAL  OBJECTIVE  1:  Identify  the  Ad9  E4-ORFl-associated  cellular  proteins. 

Task  1:  Fractionate  Ad9  E4-ORF1 -expressing  and  non-expressing  cells  into  cytoplasms,  nuclei, 
and  membranes;  protein  blot  fractions  with  a  radiolabelled  GST-Ad9  E4-ORF1  fusion  protein 
probe  to  determine  subcellular  location  of  Ad9  E4-ORF1 -associated  cellular  proteins. 

Task  2:  Obtain  commercially-available  lamba  phage  cDNA  expression  libraries;  construct  lamba 
phage  cDNA  expression  libraries. 

Task  3:  Screen  lambda  expression  libraries  with  radiolabelled  GST-Ad9  E4-ORF1  fusion  protein 
probe;  rescreen  positive  plaques  with  transformation-defective  GST-Ad9  E4-ORF1  fusion  protein 
probes.  Sequence  cDNA  inserts  of  phage  that  react  with  wild-type  but  not  mutant  Ad9  E4-ORF1 
proteins. 

Task  4:  Prepare  GST  and  GST-Ad9  E4-ORF1  fusion  protein  columns  for  large-scale  purification 
of  cellular  proteins.  Obtain  commercially-available  HeLa  cell  pellets  and  prepare  cell  lysates. 
Pass  cell  lysates  through  GST  column  and  then  GST-Ad9  E4-ORF1  column.  Isolate 
Ad9  E4-ORF1 -associated  cellular  proteins  as  bands  on  a  protein  gel.  Have  proteins 
microsequenced. 

Task  5:  Characterize  cellular  proteins  isolated  from  lambda  phage  expression  library  screening 
and  purification;  show  that  proteins  are  genuine  Ad9  E4-ORF1 -associated  cellular  proteins. 
Determine  functional  significance  of Ad9  E4-ORF1 -associated  cellular  proteins  binding  to  the  Ad9 
E4-ORF1  oncoprotein. 

Results  that  demonstrate  our  successful  accomplishment  of  the  above  Tasks  of  Technical 
Objective  I  have  been  reported  in  three  published  papers  and  one  submitted  manuscript  (see 
Appendices,  Papers  1, 4, 5  and  7).  In  these  four  papers,  we  utilized  the  approaches  described  in 
Tasks  1-4,  or  alternatively  tested  known  proteins  having  appropriate  sizes,  to  identify  the  four 
major  Ad9E4-ORFl -associated  cellular  proteins  as  the  PDZ  proteins  MUPPl,  MAGI-1,  ZO-2 
and  DLG.  For  Task  5,  roles  for  these  PDZ  proteins  in  Ad9  E4-ORF1 -induced  transformation 
were  suggested  by  the  fact  that  transformation-defective  but  not  transformation-competent 
Ad9  E4-ORF1  mutants  failed  to  bind  these  cellular  factors  in  cells.  In  addition,  over-expression 
of  ZO-2  blocked  Ad9  E4-ORF1 -mediated  focus  formation  in  CREF  cells.  While  these  types  of 
polypeptide  generally  act  as  adaptors  in  cell  signaling,  the  specific  functions  of  the 
Ad9  E4-ORF1 -associated  PDZ  proteins  are  not  yet  known.  Nevertheless,  it  seems  pertinent 
that  mammalian  DLG  is  a  functional  homolog  of  the  Drosophila  dig  tumor  suppressor  protein 
and  that  DLG  over-expression  blocks  progression  of  mammalian  cells  from  GO/Gl  to  S  phase  of 
the  cell  cycle.  Recent  findings  likewise  suggest  that  ZO-2  is  a  tumor  suppressor  protein,  as  its 
expression  was  reportedly  lost  or  significantly  decreased  in  the  majority  of  examined  human 
breast  adenocarcinomas,  as  well  as  in  certain  other  human  malignancies.  Additionally,  ZO-2  has 
been  shown  to  form  a  complex  with  ZO-1,  which  is  also  a  suspected  tumor  suppressor  protein 
implicated  in  breast  cancer.  Significantly,  in  Paper  7,  our  findings  indicate  that  ZO-2  binds  to 
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tumorigenic  Ad9E4-ORFl  but  not  to  non-tumorigenic  adenoviras  E4-ORF1  proteins.  From 
these  observations,  we  hypothesize  that  DLG  and  ZO-2,  and  perhaps  MUPPl  and  MAGI-1, 
function  to  suppress  the  neoplastic  growth  of  cells  and  that  Ad9  E4-ORF1  inactivates  these 
PDZ  proteins  in  cells.  Consistent  with  this  idea,  in  Papers  4,  5  and  7,  we  demonstrated  that 
Ad9  E4-ORF1  aberrantly  sequesters  these  cellular  factors  in  the  cytoplasm  of  cells.  Related  to 
these  findings,  we  also  reported  results  showing  that  E6  oncoproteins  from  high-risk  human 
papillomaviruses,  agents  associated  with  the  vast  majority  of  human  cervical  carcinomas,  likewise 
bind  MUPPl,  MAGI-1  and  DLG  and  target  these  cellular  factors  for  degradation  (see 
Appendices,  Papers  3, 4,  and  5). 

We  published  two  additional  studies  highly  relevant  to  the  work  of  this  proposal  (see 
Appendices,  Papers  2  and  6).  In  Paper  2,  we  showed  that  Ad9  El-region  transforming  functions 
are  dispensable  for  Ad9  to  generate  mammary  tumors  in  animals.  This  report  is  the  first 
demonstration  of  a  tumorigenic  adenovirus  in  which  these  well-known  gene  functions  have  no 
role  in  tumorigenesis.  In  Paper  6,  we  published  results  indicating  that,  in  addition  to  representing 
the  major  oncogenic  determinant  of  Ad9,  the  Ad9  E4-ORF1  oncoprotein  directly  contributes  to 
the  ability  of  Ad9  to  target  tumorigenesis  specifically  to  the  mammary  glands  of  rats.  The  latter 
finding  interestingly  suggests  that  mammary  cells  are  particularly  sensitive  to  oncogenic 
transformation  induced  by  perturbation  of  Ad9  E4-ORF1 -associated  PDZ-protein  function. 
This  intriguing  idea  may  indicate  that  these  cellular  factors  play  a  prominent  role  in  regulating  the 
growth  and  differentiation  of  mammary  cells. 

TECHNICAL  OB.TECTIVE  2:  Reveal  the  mechanism  whereby  Ad9  E4-ORF1  activates  the 
phosphoinositide  3-kinase  (PI  3-K)/protein  kinase  B  (PKB)  signaling  pathway  in  cells 

(Approved  revised  objective'). 

While  carrying  out  the  studies  of  this  proposal,  we  discovered  that  Ad9  E4-ORF1  activates  PKB 
of  the  PI  3-K  signaling  cascade  in  cells  (Fig.  1).  Other  findings  with  Ad9  E4-ORF1  proteins 
having  mutations  within  C-terminal  Region  III  (the  PDZ  domain-binding  motif)  or  Regions  I  and 
II  (unknown  functions)  indicated  that  interactions  of  Ad9  E4-ORF1  with  its  PDZ  protein  targets 
are  necessary,  although  not  sufficient,  for  both  the  transforming  and  tumorigenic  properties  of 
this  viral  oncoprotein  (Fig.  2). 


Fig.  1.  Illustration  of  the  PI  3-K/PKB  signaling 
cascade.  In  this  model,  PI  3-K  associates  with  an 
activated  growth  factor  receptor  at  the  membrane, 
where  it  phosphorylates  lipid  substrates  to 
generate  D3-phosphoinositides.  After 

translocation  to  the  membrane  by  binding  to 
these  D3 -phosphoinositide  second  messengers, 
PKB  is  subsequently  activated  by  protein  kinases 
such  as  PDKl  (not  shown).  Activated  PKB 
regulates  a  variety  of  cellular  processes,  including 
apoptosis  and  cell  cycle  progression.  The  PTEN 
tumor  suppressor  protein  antagonizes  this 
signaling  pathway  by  dephosphorylating  the  D3 
phosphate  of  D3-phosphoinositides. 


The  Phosphoinositide  3-Kinase  (PI  3-K)/ 
Protein  Kinase  B  (PKB)  Signaling  Pathway 
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Fig.  2,  Protein  binding  and  transforming 
properties  of  mutant  Ad9  E4-ORF1  proteins. 
The  relative  capacities  of  mutant  Ad9  E4-ORF1 
proteins  (i)  to  bind  the  four 
E4-ORF1 -associated  cellular  PDZ  proteins,  (ii) 
to  induce  transformed  foci  on  CREF 
fibroblasts  or  primary  rat  embryo  fibroblasts 
(REFs),  or  (iii)  to  promote  Ad9-induced  rat 
mammary  tumors  compared  to  the  wild-type 
Ad9  E4-ORF1  protein  are  indicated.  The 
transformation-proficient  T108S  E4-ORF1 
mutant  was  included  as  a  control  in  these 
assays.  The  facts  that  transformation-defective 
Region  I  and  II  mutants  retain  wild-type 
binding  to  PDZ  proteins  whereas  the  Region  III 
mutants  either  fail  or  show  reduced  binding  to 
these  cellular  factors  suggest  that  these 
interactions  are  necessary  but  not  sufficient  for 
transformation  by  the  Ad9  E4-ORF1 
oncoprotein. 


We  initially  showed  that  Ad9  E4-ORF1  specifically  activated  PKB  kinase  activity  but  not  ERK2 
kinase  activity  in  COS7  cells  (Fig.  3). 


Fig.  3.  Ad9  E4-ORF1  specifically  activates 
PKB  in  COST  cells.  (A)  COST  cells  on  60  mm 
dishes  were  lipofected  with  1.6  p,g  of  pSG5- 
HAPKB  plasmid  and  6,4  p.g  of  either  empty  GWl 
plasmid  (vector)  or  a  GWl  plasmid  expressing 
wild-type  E4-ORF1  or  activated  RasV12.  Cells 
serum-starved  for  16  h  were  harvested  at  48  h 
post-transfection.  Cell  proteins  (200  iig)  in 
lysis  buffer  were  first  immunoprecipitated  with 
a-HA  antibodies  and  then  subjected  to  an  in 
vitro  PKB  kinase  assay  using  H2B  as  substrate 
{left  panel).  The  right  panel  shows  that  similar 
amounts  of  HAPKB  protein  were  used  in  these  in 
vitro  kinase  assays.  (B)  COST  cells  were 
lipofected  with  pCEP-HAERK2  plasmid  and 
either  wild-type  E4-ORF1  or  activated  RasV12 
plasmid  and  then  harvested  as  described  in  (A) 
above.  Cell  proteins  (200  pg)  in  lysis  buffer 


were  first  immunoprecipitated  with  a-HA 
antibodies  and  then  subjected  to  an  in  vitro  ERK2  kinase  assay  using  MBP  as  substrate  {left  panel).  The  right  panel  shows 
that  similar  amounts  of  HAERK2  protein  were  used  in  these  in  vitro  kinase  assays. 


We  performed  similar  assays  in  CREF  fibroblast  lines  stably  expressing  wild-type  or  mutant 
Ad9  E4-ORF1  proteins.  The  results  showed  that  wild-type  Ad9  E4-ORF1,  but  not 
transformation-defective  mutant  Ad9  E4-ORF1  proteins,  activates  PKB  in  these  lines  (Fig.  4). 
Similar  results  were  obtained  in  transient  expression  assays  with  these  Ad9  E4-ORF1  proteins  in 
CREF  cells  (Fig.  5).  These  findings  significantly  demonstrate  that  the  tranforming  potential 
Ad9  E4-ORF1  is  intimately  linked  to  its  ability  to  activate  PKB  in  cells. 
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Fig.  4.  Impaired  PKB  activation  by 
Ad9  E4-ORF1  mutants  in  stable  CREF  lines.  (A) 

Normal  CREF  cells  or  CREF  cells  stably 
expressing  wild-type  or  mutant  E4-ORF1  were 
serum-starved  for  16  h.  Cell  proteins  (1  mg)  in 
lysis  buffer  were  first  immunoprecipitated  with 
PKB  antibodies  (Upstate)  and  then  subjected  to  an 
in  vitro  PKB  kinase  assay  using  histone  2B  (H2B) 
as  substrate.  Phosphorylated  H2B  was  detected 
by  autoradiography  and  quantified  with  a 
phosphorimager.  (B)  Similar  amounts  of  PKB 
protein  were  utilized  in  the  in  vitro  kinase  assays 
shown  in  (A)  above.  (C)  The  different  CREF  cell 
lines  express  similar  amounts  of  E4-ORF1 
protein. 


•*.  * 
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Fig.  5.  Impaired  PKB  activation  by  Ad9  E4-ORF1 
mutants  in  transient  expression  assays  in 
CREF  cells,  CREF  cells  were  lipofected  with  2  pg  of 
empty  GWl  plasmid  (vector)  or  a  GWl  plasmid 
expressing  wild-type  or  the  indicated  mutant 
E4-ORF1  protein.  Cell  proteins  (100  pg)  in  sample 
buffer  were  separated  by  SDS-PAGE  and  then 
immunoblotted  with  a-phospho-Akt(Ser473) 
[(P)ser-PKB],  a-Akt,  or  a-E4-ORFl  antibodies. 


Our  results  with  Region  III  Ad9  E4-ORF1  mutants  presented  in  Figs.  4  and  5  above 
suggested  that  interactions  of  Ad9  E4-ORF1  with  one  or  more  of  the  four  Ad9  E4-ORF1- 
associated  PDZ  proteins  is  required  for  activation  of  PKB.  This  finding  prompted  us  to  assess 
whether  any  of  the  Ad9  E4-ORF1 -associated  PDZ  proteins  may  complex  with  components  of 
the  PI  3-K  signaling-pathway.  One  such  protein  that  we  examined  was  the  tumor  suppressor 
protein  PTEN,  which  is  a  lipid  phosphatase  that  antagonizes  PI  3-K  in  cells  (see  Fig.  1). 
Interestingly,  like  Ad9  E4-ORF1,  PTEN  has  a  PDZ  domain-binding  motif  at  its  C-terminus.  We 
found  that  PTEN  co-immunoprecipitates  with  the  Ad9  E4-ORF1 -associated  PDZ  protein 
MAGI-1  from  cell  lysates  (Fig.  6A).  This  interaction  was  mediated  by  four  of  the  five  MAGI-1 
PDZ  domains  (Fig.  6B).  Results  with  PTEN  mutant  V403A  having  a  disrupted  PDZ  domain¬ 
binding  motif  further  indicated  that  interaction  of  PTEN  with  three  of  the  MAGI-1  PDZ 
domains  (PDZ2,  PDZ3,  PDZ5)  was  dependent  on  the  PTEN  PDZ  domain-binding  motif 
whereas  interaction  of  PTEN  with  MAGI-1  PDZ4  was  not  (Fig.  6B).  The  latter  observation 
explained  why  the  PTEN-V403A  mutant  retains  approximately  wild-type  binding  to  MAGI-1  in 
co-immunoprecipitation  assays  (see  Fig.  6A). 
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Fig.  6.  PTEN  binds  to  MAGI-1.  (A)  COS7  cells  were  transfected  with  an  HA-MAGI-1  expression  plasmid  and  a  plasmid 
expressing  either  wild-type  PTEN  or  mutant  PTEN-V403A,  which  has  a  disrupted  PDZ  domain-binding  motif.  Cell 
proteins  were  immunoprecipitated  with  a-HA  antibodies  and  then  immunoblotted  with  the  same  antibodies  or  a-PTEN 
antibodies.  (B)  COST  cells  were  transfected  with  a  plasmid  expressing  either  wild-type  PTEN  or  mutant  PTEN-V403A,  and 
cell  proteins  were  subjected  to  pulldown  assays  using  GST  fusion  proteins  containing  each  of  the  five  MAGI-1  PDZ 
domains.  These  assays  revealed  that  wild-type  PTEN  binds  four  of  five  MAGI-1  PDZ  domains.  Results  with  PTEN-V403A 
further  show  that  the  PDZ  domain-binding  motif  of  PTEN  mediates  binding  to  three  such  MAGI-1  PDZ  domains. 


To  link  the  interaction  between  MAGI-1  and  Ad9  E4-ORF1  to  the  ability  of  this  viral 
oncoprotein  to  activate  PKB  in  cells,  we  examined  the  consequences  of  MAGI-1  protein 
over-expression  on  Ad9  E4-ORF1 -induced  PKB  activation.  The  results  showed  that 
over-expression  of  two  different  wild-type  isoforms  of  MAGI-1,  lb  and  Ic,  were  able  to  block 
activation  of  PKB  by  Ad9  E4-ORF1  in  CREF  cells  (Fig.  7).  This  effect  was  specific  as  MAGI-1 
mutant  APDZ1&3,  which  fails  to  bind  Ad9  E4-ORF1,  was  unable  to  diminish  PKB  activation  by 
Ad9  E4-ORF1  in  these  assays. 


CREF  cells 
transfected  with: 


Fig.  7.  Over-expression  of  MAGI-1  diminishes 
Ad9  E4-ORF1 -induced  PKB  activation.  CREF  cells  were 
lipofected  with  0.2  pg  of  GW1-E4-ORF1  plasmid  and  3  pg 
of  either  empty  GWl  plasmid  or  a  GWl  plasmid 
expressing  wild-type  HA-MAGI-lb  isoform,  wild-type 
HA-MAGI- Ic  isoform,  or  mutant  HA-MAGI- IbAPDZ  1/3 
(APDZI/3),  which  fails  to  bind  to  the  E4-ORF1  protein. 
Cells  lipofected  with  3  pg  of  empty  GWl  plasmid  (vector) 
were  included  as  a  negative  control.  Cell  proteins 
(100  pg)  in  sample  buffer  were  immunoblotted  with  a-HA, 
a-phospho-Akt(Ser473),  a-Akt,  or  a-E4-ORFl  antibodies. 


Task  6:  Determine  whether  MAGI-1  and  other  Ad9  E4-ORF1 -associated proteins  enhance  the 

function  of  PTEN  in  cells. 

Task  7:  Assess  whether  the  interaction  of  Ad9  E4-ORF1  with  MAGI-1  blocks  the  function  of 

PTEN. 
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In  Tasks  6-7,  we  wanted  to  determine  whether  MAGI-1  and  PTEN  form  funetional  complexes  in 
cells.  To  test  this  idea,  we  co-transfected  the  Ad9  E4-ORF1  expression  plasmid  with  either  low 
or  high  amounts  of  MAGI-1  or  PTEN  expression  plasmid  alone  or  in  combination.  The  results 
shown  in  Fig.  8  revealed  that  alone  a  low  amount  of  MAGI-1  or  PTEN  caused  a  weak  1.5-fold  or 
1.4-fold  reduction  in  Ad9  E4-ORF1 -induced  PKB  activation,  respectively,  whereas  the  same  low 
amount  of  each  together  synergized  to  produce  a  strong  >6.3-fold  reduction.  Therefore, 
interaction  with  MAGI-1  enhances  the  ability  of  PTEN  to  inhibit  PI  3-K  signaling  in  cells, 
suggesting  that  MAGI-1  is  an  essential  co-factor  for  the  PTEN  tumor  suppressor  protein.  As 
we  have  shown  that  Ad9  E4-ORF1  aberrantly  sequesters  MAGI-1  in  cells,  we  postulate  that 
this  viral  protein  would  block  the  function  of  MAGI-1,  as  well  as  PTEN,  under  normal 
physiologic  conditions.  Such  an  activity  for  Ad9  E4-ORF1  would  be  expected  to  permit  it  to 
potently  activate  the  PI  3-K  signaling  pathway. 

Fig.  8.  MAGI-1  and  PTEN  synergize  to  antagonize 
Ad9  E4-ORFl-induced  PKB  activation.  Human  293 
cells  were  transfected  with  50  ng  of  Ad9E4-ORFl 
plasmid,  0.5  ^g  of  HA-PKB  plasmid,  and  with  the 
indicated  amount  of  PTEN  or  MAGI-1  expression 
plasmid  alone  or  in  combination.  At  48h  post¬ 
transfection,  equal  amounts  of  HA-PKB  were 
immunoprecipitated  from  cell  lysates  and  subjected 
to  PKJ3  enzyme  assays  using  histone  2B  as  a 
substrate.  Histone  2B  phosphorylation  was 
quantified  by  phosphoimager  analysis. 
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Task  8:  Determine  whether  Ad9  E4-ORF1  can  activate  PKB  in  PTEN-null  cells. 
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Fig.  9.  Ad9  E4-ORF1  activates  PKB  in  PTEN-null 
MEF,  Cells  were  transfected  with  50  ng  of  control 
plasmid  (vector)  or  Ad9  E4-ORE1  expression  plasmid 
and  0.5  ^ig  of  the  HA-PKB  (PKB)  expression  plasmid. 
At  48h  post-transfection,  an  equivalent  amount  of  each 
cell  lysate  was  immunoblotted  with  either  a-phospho- 
Akt(Ser473),  a-Akt,  a-E4-ORFl,  a-PTEN  antibodies. 


E4t>RF! 


PT£H»/» 


PTtn-f- 
■  » 

I^PTEri 


For  Task  8,  we  sought  to  ascertain  whether  Ad9  E4-ORF1 -induced  PKB  activation  is  due 
entirely  to  an  ability  of  this  viral  oncoprotein  to  inactivate  PTEN  in  cells.  This  idea  was 
examined  by  transfecting  PTEN-null  mouse  embryo  fibroblasts  (MEF)  with  the  Ad9  E4-ORF 1 
expression  plasmid.  The  results  shown  in  Fig.  9  demonstrated  that,  in  the  absence  of  PTEN, 
Ad9  E4-ORF1  retains  the  capacity  to  activate  PKB.  Coupled  with  results  presented  above  in 
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Fig.  8,  this  finding  argues  that  Ad9  E4-0RF1  activates  PKB  by  both  PTEN-dependent  and 
-independent  mechanisms. 

Task  9:  Assess  whether  Ad9  E4-ORF1  activates  PI  3-K  in  cells. 

Task  10:  Test  whether  Ad9  E4-ORF1  activates  signaling  proteins  both  upstream  and 
downstream  of  PKB. 

Our  results  indicated  that,  although  Ad9  E4-ORF1  likely  interferes  with  PTEN  function  in  cells, 
other  mechanisms  are  also  responsible  for  PKB  activation  by  this  viral  oncoprotein.  This  idea 
prompted  us  to  assess  whether  Ad9  E4-ORF1  affects  components  of  this  pathway  both 
upstream  and  downstream  of  PKB  (see  Fig.  1).  We  found  that,  upstream  of  PKB,  PI  3-K  was 
activated  (Fig.  10)  and  that,  downstream  of  PKB,  p27kipl  was  downregulated  (Fig.  1 1).  Finding 
elevated  PI  3-K  enzyme  levels  in  cells  is  consistent  with  our  results  showing  that  the  PI  3-K 
inhibitors  wortmannin  and  LY29004  block  Ad9  E4-ORF1 -induced  PKB  activation.  In  addition, 
the  result  showing  thatp27kipl  is  downregulated  in  Ad9  E4-ORF1 -expressing  cells  is  significant 
in  providing  a  plausible  explanation  for  the  transformed  state  of  these  cells. 


Fig.  10.  Elevated  levels  of  PI  3-K  enzyme 
activity  in  Ad9  E4-ORFl-expressing  cells.  An 
equivalent  amount  of  extract  from  the  indicated 
CREF  lines  in  0.5%  NP-40  buffer  was  subjected 
to  a  lipid  kinase  assay  using  PIP  as  the 
substrate.  The  3-phosphorylated  lipid  product 
was  separated  by  TLC  and  quantified  by 
phosphorimager  analysis  (left  panel).  That  an 
equivalent  amount  of  PI  3-K  protein  was 
analyzed  in  each  reaction  was  verified  by 
immunoblot  analysis  with  a-p85  antibodies 
(right  panel). 


CREF-vector  CREF-E4-ORF1 


p27kip1 


E4-ORF1 

PKB 


Fig.  11.  Downregulation  of  p27kipl  in 
Ad9  E4-ORFl-expressing  cells.  An 
equivalent  amount  of  extract  from  the 
indicated  CREF  line  in  RIPA  buffer  was 
subjected  to  immunoblot  analysis  with 
a-p27kipl,  a-Ad9  E4-ORF1,  or  a-PKB 
antibodies. 
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Finally,  it  was  also  important  to  provide  direct  evidence  that  activation  of  PI  3-K  signaling  is 
essential  for  Ad9  E4-ORF1 -mediated  transformation.  For  this  purpose,  we  transfected 
CREF  cells  with  an  Ad9  E4-ORF1  expression  plasmid  and  then  either  mock  treated  (DMSO)  or 
treated  the  cells  with  the  PI  3-K  inhibitor  LY29004  (10  pM)  or  the  S6  kinase  inhibitor  rapamycin 
(5  ng/mL).  The  latter  drug  was  used  because  S6  kinase  is  downstream  of  PKB  and  is  likewise 
activated  in  Ad9  E4-ORF1 -expressing  cells  (data  not  shown).  Significantly,  both  drugs 
dramatically  inhibited  Ad9  E4-ORF1 -induced  focus  formation  in  CREF  cells  (Fig.  12),  despite 
the  fact  that  no  effects  on  cell  viability  or  proliferation  were  detected  at  these  drug 
concentrations.  Similar  results  have  been  obtained  with  an  Ad9-mduced  mammary  tumor  line 
(data  not  shown).  These  findings  are  significant  in  demonstrating  that  transformation,  and 
probably  tumorigenesis,  by  Ad9  E4-ORF1  depend  on  its  ability  to  stimulate  PI  3-K  signaling  in 
cells. 
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Fig.  12.  LY29004  (LY)  and  rapamycin  (rapa) 

block  Ad9  E4-ORFl-mediated  focud  formation  in 
CREF  cells.  Cells  were  transfected  with  5  \ig  of  an 
Ad9  E4-ORF1  expression  plasmid.  One  week  post¬ 
transfection,  culture  medium  was  either  mock 
replaced  (DMSO)  or  replaced  with  culture  medium 
containing  either  LY29004  or  rapamycin. 
Transformed  foci  were  counted  three  weeks  post 
transfection. 
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Key  Research  Accomplishments 

>  The  Ad9  E4-ORF1  oncoprotein,  which  promotes  solely  mammary  tumors  in 
animals,  selectively  and  potently  activates  phosphoinositide  3-kinase  (PI  3-K) 
in  cells. 

>  Ad9  E4-ORF1 -mediated  transformation  of  cultured  cells  and  promotion  of 
mammary  tumors  in  animals  is  dependent  on  the  ability  of  this  viral 
oncoprotein  to  stimulate  PI  3-K  signaling. 

>  Activation  of  PI  3-K  signaling  by  Ad9  E4-ORF1  is  dependent  on  its 
interactions  with  its  cellular  PDZ-protein  targets,  most  notably  MAGI-1. 
Ad9  E4-ORF1  aberrantly  sequesters  its  PDZ-protein  targets  in  the  cytoplasm 
of  cells,  suggesting  that  these  cellular  proteins  are  functionally  inactivated. 

>  MAGI-1  forms  a  functional  complex  with  the  PTEN  tumor  suppressor 
protein,  a  lipid  phosphatase  that  antagonizes  PI  3-K  in  cells.  As 
Ad9  E4-ORF1  likely  inactivates  MAGI-1  in  cells,  it  would  be  expected  that 
PTEN  is  similarly  affected. 

>  Our  findings  suggest  that  Ad9  E4-ORF1  stimulates  PI  3-K  signaling  in  cells 
by  novel  PTEN-dependent  and  PTEN-independent  mechanisms  of  action. 
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Conclusions 


Our  results  show  that  in  cells  the  Ad9  E4-ORF1  oncoprotein  binds  and  aberrantly  sequesters 
four  different  cellular  PDZ  proteins,  MUPP 1 ,  MAGI- 1 ,  ZO-2,  and  DLG.  Interestingly,  ZO-2  is 
a  candidate  tumor  suppressor  protein  implicated  in  the  development  of  some  human  breast 
cancers.  Although  the  precise  functions  of  Ad9  E4-ORF1 -associated  PDZ  proteins  are  not 
currently  known,  the  domain  structures  of  these  polypeptides  suggest  that  they  function  as 
adaptor  proteins  in  cell  signaling.  In  light  of  this  observation,  we  tested  whether  Ad9  E4-ORF1 
activates  a  known  signaling  pathway  in  cells.  Our  results  indicate  that  the  tumorigenic  potential 
of  Ad9  E4-ORF1  depends  on  its  ability  to  activate  phosphoinositide  3-kinase  (PI  3-K)  and  its 
downstream  effectors.  Other  results  further  showed  that  the  capacity  of  wild-type 
Ad9E4-ORFl  to  stimulate  this  signaling  pathway  can  be  blocked  either  by  disruption  of  its 
PDZ  domain-binding  motif  or  by  overexpression  of  the  Ad9  E4-ORF1 -associated  PDZ  protein 
MAGI-1.  These  findings  argue  that  activation  of  PI  3-K  signaling  by  the  Ad9  E4-ORF1 
oncoprotein  depends  on  its  ability  to  complex  with  MAGI-1,  and  perhaps  with  other 
Ad9  E4-ORF1 -associated  cellular  PDZ  proteins.  Significantly,  we  also  showed  that  MAGI-1 
forms  a  functional  complex  with  the  tumor  suppressor  protein  PTEN,  a  lipid  phosphatase  that 
antagonizes  PI  3-K  signaling  in  cells. 

“So  What  Section” 

Our  results  suggest  that  MAGI-1  is  an  essential  co-factor  for  the  tumor  suppressor  protein 
PTEN  and  that  activation  of  PI  3-K  signaling  by  Ad9  E4-ORF1  is  due  in  part  to  its  ability  to 
inactivate  this  PDZ  protein  in  cells.  Therefore,  studies  of  the  Ad9  E4-ORF1  oncoprotein  are 
expected  to  reveal  novel  mechanisms  whereby  PI  3-K  signaling  can  become  disregulated  in  cells. 
These  findings  would  be  significant  considering  that  uncontrolled  stimulation  of  this  signaling 
pathway  is  associated  with  the  development  of  a  wide  range  of  human  malignancies,  including 
breast  cancer. 
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ABSTRACT  The  90RF1  gene  encodes  an  adenovirus  E4 
region  oncoprotein  that  requires  a  C-terminal  region  for 
transforming  activity.  Screening  a  Agtll  cDNA  expression 
library  with  a  90RF1  protein  probe  yielded  a  novel  cellular 
PDZ  domain-containing  protein,  9BP-1,  which  binds  to  wild- 
type,  but  not  a  transformation-defective,  C-terminal,  mutant 
90RF1  protein.  The  fact  that  PDZ  domains  complex  with 
specific  sequences  at  the  free  C-terminal  end  of  some  proteins 
led  to  the  recognition  that  the  90RF1  C-terminal  region 
contained  such  a  consensus-binding  motif.  This  discovery 
prompted  investigations  into  whether  the  90RF1  protein 
associates  with  additional  cellular  proteins  having  PDZ  do¬ 
mains.  It  was  found  that  the  90RF1  protein  interacts  directly, 
in  vitro  and  in  vivo,  with  the  PDZ  domain-containing  protein 
hDIg/SAP97  (DLG),  which  is  a  mammalian  homolog  of  the 
Drosophila  discs  large  tumor  suppressor  protein  and  which 
also  binds  the  adenomatous  polyposis  coli  tumor  suppressor 
protein.  Of  interest,  in  forming  complexes,  the  90RF1  protein 
preferentially  associated  with  the  second  PDZ  domain  of  DLG, 
similar  to  adenomatous  polyposis  coli  protein.  Human  T  cell 
leukemia  virus  type  1  Tax  and  most  oncogenic  human  papil¬ 
lomavirus  E6  oncoproteins  also  possessed  PDZ  domain¬ 
binding  motifs  at  their  C  termini  and,  significantly,  human  T 
cell  leukemia  virus  type  1  Tax  and  human  papillomavirus  18 
E6  proteins  bound  DLG  in  vitro.  Considering  the  requirement 
of  the  90RF1  C-terminal  region  in  transformation,  these 
findings  suggest  that  interactions  with  the  cellular  factor  DLG 
may  contribute  to  the  tumorigenic  potentials  of  several  dif¬ 
ferent  human  virus  oncoproteins. 


Human  adenoviruses  are  organized  into  six  subgroups,  A 
through  F,  and  in  people  cause  primarily  respiratory,  gastro¬ 
intestinal,  and  eye  infections  (1).  After  infection  of  rodents, 
however,  subgroup  A  and  B  and  some  subgroup  D  adenovi¬ 
ruses  are  tumorigenic.  In  animals,  subgroup  A  and  B  adeno¬ 
viruses  produce  undifferentiated  sarcomas  at  the  site  of  virus 
injection,  and  the  viral  El  region,  consisting  of  the  ElA  and 
ElB  genes,  is  both  necessary  and  sufficient  for  this  tumorige- 
nicity.  The  transforming  potentials  of  the  nuclear  ElA  and 
ElB  oncoproteins  derive,  at  least  in  part,  from  an  ability  to 
complex  with  and  inactivate  the  cellular  tumor  suppressor 
proteins  pRB  and  p53,  respectively  (2). 

Compared  with  the  subgroup  A  and  B  adenoviruses,  sub¬ 
group  D  adenovirus  type  9  (Ad9)  is  unique  in  eliciting  only 
estrogen-dependent  mammary  tumors  in  female  rats  (3)  and 
requiring  the  viral  E4  region  ORFl  gene  (90RF1)  for  onco¬ 
genicity  (4,  5).  The  90RF1  gene  codes  for  a  14-kDa  cytoplas¬ 
mic  transforming  protein  (5,  6),  and  three  separate  regions  of 
this  viral  polypeptide  are  important  for  transforming  potential 
in  cells  (7),  including  a  C-terminal  region  that  mediates  direct 
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binding  to  several  unidentified  cellular  proteins  (p220,  pl80, 
pl60,  pl55,  pl40/pl30;  R.S.W.  and  R.T.J.,  unpublished  work). 
To  reveal  the  molecular  mechanisms  of  the  novel  90RF1 
oncoprotein,  we  sought  to  identify  these  90RFl-associated 
cellular  polypeptides. 

We  report  here  that  the  90RF1  protein  possesses  a  C- 
terminal  PDZ  domain-binding  motif  that  is  necessary  for 
binding  to  the  PDZ  domains  of  the  cellular  factor  hDLg/ 
SAP97  (DLG)  (8,  9).  This  finding  is  significant  because  DLG 
is  a  mammalian  homolog  of  the  Drosophila  discs  large  tumor 
suppressor  protein  (10)  and,  in  mammalian  cells,  complexes 
with  the  product  of  the  adenomatous  polyposis  coli  (APC) 
tumor  suppressor  gene  (11),  which  is  mutated  in  most  familial 
and  sporadic  colon  cancers  (12).  Additionally,  we  show  that  the 
human  T  cell  leukemia  virus  type  1  (HTLV-1)  Tax  and  human 
papillomavirus  (HPV)  18  E6  oncoproteins  also  encode  con¬ 
sensus  C-terminal  PDZ  domain-binding  motifs  and  similarly 
bind  to  DLG.  Therefore,  DLG  may  represent  an  important 
cellular  target  for  several  different  human  virus  oncoproteins. 

EXPERIMENTAL  PROCEDURES 

Plasmids  and  Reagents.  Portions  of  the  SAP97  (rat  DLG) 
ORF  were  PCR  amplified  with  pfu  DNA  polymerase  (Strat- 
agene)  from  a  pRK174-SAP97  plasmid  (provided  by  C.  C. 
Garner)  (8)  template  using  the  following  primer  sets  flanked 
by  BamPil  and  EcoRI  sites:  NT,  (a)  CTC  GGA  TCC  ATG 
CCG  GTC  CGG  AAG  CAA  and  (b)  CTC  GAA  TTC  CTC 
ATA  TTC  ATA  ATC  TGC;  3PDZ,  (c)  CTC  GGA  TCC  GCA 
gat  tat  GAA  TAT  GAG  and  (d)  CTC  GAA  TTC  GGT 
TCG  GAG  AGA  CCC  TGA;  SH3/GuK,  (e)  CTC  GAA  TTC 
TTT  CAG  GGT  CTC  TCC  GAA  CC  and  (f)  CTC  GAA  TTC 
TCA  TAA  TTT  TTC  TTT  TGC  TGG  GAC  CC;  PDZl-2,  (c) 
and  (g)  CTC  GAA  TTC  ACT  TGT  TGG  TTT  TGC  CGC; 
PDZ2-3,  (d)  and  (h)  CTC  GGA  TCC  CCT  TCA  GAA  AAA 
ATC  ATG;  PDZl,  (c)  and  (i)  CTC  GAA  TTC  GAA  GGC 
CTT  CCG  CCT  TTT;  PDZ2,  (g)  and  (h);  and  PDZ3,  (d)  and 
(j)  CTC  GGA  TCC  ATG  TAT  ATA  AAT  GAT  GGC.  Full 
length  and  PCR-generated  SAP97  fragments,  as  well  as  wild 
type  and  mutant  E4  ORFl  genes,  were  cloned  in-frame  with 
the  glutathione  5-transferase  (GST)  gene  of  pGEX-2T  or 
pGEX-2TK  at  the  BamRl  and  EcoBA  sites.  PCR  products  were 
verified  to  be  correct  by  partial  or  complete  sequence  analysis. 
pGEX-2T  plasmids  containing  HPV-11  and  HPV-18  E6, 
HTLV-1  Tax,  and  HIV-1  Tat  genes  were  gifts  from  P.  Howley, 
S.  Marriott,  and  A.  Rice,  respectively.  GST  fusion  proteins 
were  expressed  in  Escherichia  coli  and  purified  on  glutathione- 


Abbreviations:  90RF1,  Ad9  E4  region  ORF  1;  GST,  glutathione 
5-transferase;  DLG,  mammalian  homolog  of  Drosophila  discs  large 
tumor  suppressor  protein;  APC,  adenomatous  polyposis  coli  protein; 
HTLV-1,  human  T  cell  leukemia  virus  type  1;  HPV,  human  papillo¬ 
mavirus. 

Data  deposition:  The  sequence  reported  in  this  paper  has  been 
deposited  in  the  GenBank  database  (accession  no.  AF000168). 
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Sepharose  beads  by  standard  methods  (13).  The  Agtll  murine 
pancreatic  cell  cDNA  library  was  provided  by  S.  Tsai. 

Cells  and  Cell  Extracts.  The  rat  embryo  fibroblast  cell  line 
CREF,  human  osteosarcoma-derived  cell  line  TE85,  and 
G418-selected  CREF  cell  pools  containing  an  empty  expres¬ 
sion  plasmid  (vector)  or  expression  plasmid  encoding  the 
wild-type  or  mutlll-A  90RF1  gene  were  maintained  as  de¬ 
scribed  (7,  14).  For  the  preparation  of  cell  lysates,  cells  were 
harvested,  washed  with  PBS,  and  incubated  in  '=«5  vol  of  RIPA 
buffer  [50  mM  Tris-HCl,  pH  8.0/150  mM  NaCl/1%  (vol/vol) 
Nonidet  P-40/0.5%  (wt/vol)  sodium  desoxycholate/0.1%  (wt/ 
vol)  SDS]  containing  protease  inhibitors  (300  jug/ml  phenyl- 
methylsulfonyl  fluoride  and  6  /utg/ml  each  of  aprotinin  and 
leupeptin)  for  10  min  on  ice.  Cell  lysates  were  cleared  of  cell 
debris  by  centrifugation  at  10,000  X  g  for  10  min.  Protein 
concentrations  were  determined  by  the  Bradford  method. 

Protein  Blotting  Assays.  Protein  blotting  assays  were  per¬ 
formed  with  lambda  phage  plaques  immobilized  on  nitrocel¬ 
lulose  membranes  or  proteins  separated  by  SDS/PAGE  and 
transferred  to  poly(vinylidene  fluoride)  membranes  (15). 
Membranes  were  blocked  in  TBST  buffer  [50  mM  Tris*HCl, 
pH  7.5/200  mM  NaCl/0.2%  (vol/vol)  Tween  20]  containing 
5%  nonfat  dried  milk,  incubated  in  blotting  buffer  (0.1% 
nonfat  dry  milk  and  100  p-g/ml  unlabeled  GST  protein  in 
TBST)  containing  p2p]-labeled  GST-90RF1  protein  probe 
(5  X  10^  cpm/ml)  for  12  h  at  4°C,  washed  extensively  with 
RIPA  buffer,  and  developed  by  autoradiography.  GST  fusion 
protein  probes  were  generated  by  incubating  ^3  /^g  of  affinity- 
purified  GST  fusion  protein  bound  to  beads  in  reaction  buffer 
[20  mM  Tris*HCl,  pH  7.5/100  mM  NaCl/12  mM  MgCl2/20 
fxCi  (6000  Ci/mmol)]  containing  10  units  of 

protein  kinase  A  (Sigma)  for  30  min  on  ice.  Beads  were  washed 
extensively  with  RIPA  buffer  and  eluted  in  elution  buffer  [20 
mM  Tris-HCl,  pH  8.0/100  mM  NaCl/1  mM  EDTA/0.5% 
(vol/vol)  Nonidet  P-40/40  mM  glutathione]. 

GST  Pull-Down  Reactions,  Immunoprecipitations,  and  Im- 
munoblots.  GST  pull-down  reactions  were  performed  by  in¬ 
cubating  cell  lysates  with  ^5  /xg  of  affinity-purified  GST  fusion 
protein  attached  to  glutathione -Sepharose  beads.  Immuno¬ 
precipitations  were  carried  out  by  incubating  cell  lysates  with 
90RF1  antiserum  or  affinity-purified  DLG  antibodies  (sup¬ 
plied  by  M.  Sheng)  for  3  h  and  with  30  /xl  of  protein 
A-Sepharose  beads  for  1  h  on  ice.  After  extensive  RIPA  buffer 
washes,  cellular  proteins  bound  to  the  respective  beads  were 
separated  by  7.5%  SDS/PAGE  and  transferred  to  a  poly(vi- 
nylidene  fluoride)  membrane.  Membranes  were  immunoblot- 
ted  with  either  90RF1  rabbit  polyclonal  antiserum  (5)  or  DLG 
antibodies  (supplied  by  D.  Branton  and  C.  C.  Garner)  as 
described  (6). 

Database  Searches.  Protein  database  searches  for  polypep¬ 
tides  encoding  C-terminal  PDZ  domain-binding  motifs  were 
performed  using  the  command  (S,  T)X(V,  I)>  with  the 
FindPatterns  algorithm  of  the  Genetics  Computer  Group 
(Madison,  WI)  software  package. 

RESULTS  AND  DISCUSSION 

The  90RF1  Protein  Possesses  a  Consensus  C-Terminal 
PDZ  Domain-Binding  Motif.  To  identify  cellular  factors  in¬ 
teracting  with  the  90RF1  C-terminal  region,  we  screened  a 
Agtll  cDNA  expression  library,  derived  from  a  murine  pan¬ 
creatic  cell  line  that  expresses  90RFl-associated  cellular 
proteins,  with  a  radiolabeled  GST-90RF1  fusion  protein 
probe.  A  single  phage  plaque  was  isolated  that  reacted  with  the 
wild-type  but  not  with  a  mutlll-A  90RF1  probe  (data  not 
shown).  As  a  result  of  a  C-terminal  mutation,  the  mutlll-A 
90RF1  protein  fails  to  transform  cells  (7)  or  bind  any  of  the 
90RFl-associated  cellular  proteins  (Table  1;  unpublished 
results).  The  isolated  phage  contained  a  2.7-kb  partial  cDNA 
coding  for  the  C-terminal  526  amino  acid  residues  of  a  novel 


Table  1.  Adenovirus  E4  ORFl  transforming  proteins  possess 
consensus  PDZ  domain-binding  motifs  at  their  C  termini* 


PDZ 

domain¬ 

binding 

motif 

Position 

-3 

-2 

-1 

0 

Transforming 

activity! 

X 

(S/T) 

X 

(V/I) 

90RF1 

+  +  +  + + 
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V 

mutlll-A 
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P 

mutlll-B 

- 

A 

T 

L 

V 

mutlll-C 

E) 
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ND 

A 
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V 

V125A 

ND 
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L 

120RF1 

+  -h  +  -f-h 
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30RF1 

-F-F  +  +  + 
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T 

M 

I 

50RF1 

A 

S 

N 

V 

APC 

N/A 

V 

T 

S 

V 

*The  four  C-terminal  amino  acid  residues  of  each  wild-type  protein 
are  shown.  Alterations  of  mutant  90RF1  proteins  are  depicted  as 
outlined  amino  acid  residues. 

t/n  vitro  transforming  activities  of  wild-type  and  mutant  E4  ORFl 
proteins  (7,  15).  +  +  +  +  +,  strong  transforming  activity;  +,  weak 
transforming  activity;  -  ,  no  detectable  transforming  activity;  ND,  not 
done;  N/A,  not  applicable. 

cellular  protein,  designated  9BP-1  (90RF1-Binding  Protein  1) 
(Fig.  1).  Although  not  found  in  the  sequence  databases,  the 
recovered  portion  of  9BP-1  shared  sequence  similarity  with 
many  PDZ  domain-containing  proteins  and,  upon  inspection 
of  homologous  regions,  was  found  to  consist  of  four  PDZ 
domains  separated  by  segments  of  unique  protein  sequence 
(Fig.  1). 

PDZ  domain-containing  proteins  normally  localize  to  spe¬ 
cialized  sites  of  cell-cell  contact,  such  as  tight  junctions  in 
epithelial  cells  and  synaptic  densities  in  neurons,  and  are 
thought  to  function  in  signal  transduction  (16,  17).  Like  SRC 
homology  region  2  (SH2),  SH3,  and  phosphotyrosine-binding 
domains,  PDZ  domains  are  modular  protein  units  that  mediate 
protein-protein  interactions,  and  certain  PDZ  domains  bind 
directly  to  the  consensus  sequence  S/T-X-V/I  (X  denotes  any 
amino  acid)  at  the  free  C-terminal  end  of  some  proteins 
(18-20).  Significantly,  90RF1  and  other  adenovirus  E4  ORFl 
transforming  proteins  (120RF1,  30RF1,  and  50RF1)  (14) 
possessed  this  consensus,  C-terminal,  PDZ  domain-binding 
motif  (Table  1).  Moreover,  mutations  within  or  adjacent  to  this 
motif  decrease  the  ability  of  90RF1  to  transform  cells 
(mutlll-A,  mutlll-B,  mutlll-C,  and  mutlll-D;  Table  1)  (7)  and 
bind  some  or  all  90RFl-associated  cellular  proteins.  These 
observations  led  us  to  predict  that,  like  9BP-1,  other  cellular 
factors  found  to  complex  with  the  90RF1  protein  through  its 
C-terminal  region  would  contain  PDZ  domains. 

The  90RF1  Protein  Complexes  with  the  PDZ  Domain- 
Containing  Cellular  Protein  DLG  in  Vitro,  A  search  for  known 
PDZ  domain-containing  proteins  having  an  established  or 
suspected  role  in  neoplasia  revealed  one  particularly  attractive 
candidate  protein,  hDlg/SAP97  (DLG).  DLG  is  the  mamma¬ 
lian  homolog  for  the  Drosophila  discs  large  tumor  suppressor 
protein  Dlg-A.  Both  DLG  and  Dlg-A  are  members  of  the 
membrane-associated  guanylate  kinase  (MAGUK)  family  of 
proteins  that  contain,  in  addition  to  PDZ  domains,  an  SH3 
domain  and  a  region  with  homology  to  guanylate  kinases  (16). 
In  Drosophila  imaginal  disc  epithelia,  Dlg-A  localizes  to  sep¬ 
tate  junctions,  the  equivalent  of  tight  junctions  in  mammalian 
cells,  and  homozygous  Dlg-A  mutations  lead  to  disruption  of 
cell  junctions,  shape,  and  polarity,  as  well  as  neoplastic  growth 
(21).  For  the  mammalian  homolog  DLG,  expression  is  found 
in  many  tissues  in  vivo,  as  well  as  cell  lines  derived  from 
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aacttcatcagccttctgaagacggcaaaggcaactgtaaaactgatcgttcgagctgagaatccagcttgtccagctgttccttcttcagctgtaacagtcagtggagaaagg  114 
NFISLLKTAKATVKLIVRAENPACPAVPSSAVTVSGER 
aaagacaactcccagactcctgcagtcccagctccagacctggaacccatcccaagtacaagcaggtcctccacaccagcagtctttgcttctgaccctgccacctgccccatc  228 
KDNSQTPAVPAPDLEPIPSTSRSSTPAVFASDPATCPI 
atcccaggctgtgagacaacaattggagtttccaaaggccaaacaggcctgggactgagtattgttgggggctcagacacactgctgggtgctattattatccatgaagtttat  342 
I  P  G  C  E  T  TIQVSKQQTGLQLSIVQGSDTLLQAIIIHEVY 
gaagagggagcagcgtgtaaagatggaagactatgggctggagaccagattttagaggtaaatgggattgacttgcgaaaggctacacatgatgaagcaatcaatgtcctgagg  456 
BEGAACKDQRLWAGDQIIEV  N  G  I  DLRKATH  P_B_A_  I  n  v_l_^ 
cagacgcctcaaagagtacgcgtgacgctctaccgagatgaggccccatacaaagaggaggatgtctgtgataccttcaccatcgagctgcagctgcagaagaggccaggcaaa  570 
OTPORVRVTLYRDB  APYKEEDVCDTFTIELQ  L  O  K  R  P  G  K 

ggccttgggttgagtattgttggcaaaagaaatgacactggagtatttgtatcagacattgtcaagggaggcattgcagacgccgatgggagactgatgcaaggggaccagatt  684 
GLGLSlVGKRN_DTGVFV5DIVKgGIAPAPqRLMQgPQI 
ttaatggtgaatggagaagatgtccgtcatgccacccaggaggcagtcgctgccctgctaaagtgttccctaggtgcagtaaccctggaggttggaagagtcaaagctgcccca  798 
LMVNGEDV  RHA  TQBA.yAAL  L  K.  C_...S_  .L  GAVTLEVGRVK  A  A  P 

ttccactcagaacggaggccttctcaaagcagccaggtgagtgagagcagcctgtcatctttcactcccccactttctggaataaatacatcagagtcattggaaagtaactcg  912 
FHSERRPSQSSQVSESSLSSFTPPLSGINTSESLESNS 
aagaaaaatgcattagcatctgaaattcagagactaagaacagtcgaaataaaaaaggggcctgctgactcgctgggactcagcattgctggaggagtgggcagcccgctcgga  1026 

K  K  N  A  LASEIQRLR  T  VEIKKGPAD _ S  L _ G  L  3 _ I _ A.  .G _ G  V  G  3 _ P_L _ G 

gatgtccctatatttattgcgatgatgcacccaaatggtgttgcagctcaaacacaaaaactcagagttggggataggattgtcaccatctgtggcacatccacggatgggatg  1140 

dvpipiammhpngvaaqtoklrvgdrivticgts _ i _ D _ S _ U 

actcacacacaggcggttaacttgatgaaaaatgcctcaggctccattgaagtacaggtggttgctggaggagatgtgagtgtggtcacgggtcatcagcaagaacttgccaat  1254 
THTOAVNLMKNA  SGSIEVQVVAGGDVSVVTGHQQELAK 
ccttgtcttgctttcactgggctgacatcaagcagtatatttccggatgatttaggccctccacagtctaagaccattacgctagaccgaggaccagatggcttaggcttcagc  1368 
PCLAPTGLTSSSIFPDDLGPPQSK  TITLDRGPDGLGFS 
attgtaggcggctatggcagccctcatggagacttaccaatttatgtgaaaacagtgtttgcaaagggagcagcagcagaagatgggcgtctaaaaaggggcgatcagatcatt  1482 

IVGGYGSPHGDLPIYVKTVFAKGAAAEDGRLKRGDQI _ I 

gctgtcaatgggcaaagtctagaaggagtgacccatgaagaagctgttgccatcctcaagaggacaaagggcaccgtcaccctcatggttctctcttgaagtgactgccagagc  1596 
AVNGOSLEGVTHEEAVAILKRTKGTVTLMVLS  * 
tgaagcagcccagccactggctcccctcctactgtaacagagaggacctgtttgtatgctgtgttggtcggagagggctacagtagggaggcgagaaacagagtgtttgttact  1710 
cacagccaagcatcatttttcctttactctgcatttcatgatcatatactcaaaaagaagagatatttgcatagataaacctcagttttatctcgacaatatctaacaatttaa  1824 
ggtcacgtggacaaaattattatatgttcatcttgttagtgaggaaacaaaatgatacaaagttaggcaattaggttaaagatggaatttagaaaaaaagaagacagttttgag  1938 
ttttataggacttcttcaatccagcagtccaaaagaagaaaagaaagtgccttgcaatacttttgaatagtctactgttttaaaattgtgacatattggtcctacttacctcta  2052 
atgcatatttttctgctaaaattgtttagcagtccttgtaagctttaaaaagaaattcctgtttagtgcatatctcggtgtttgttttcagttttaacctgctatattttcatg  2166 
ttgttataggtaaagtgctgatgctaccctgtgttggctagagttctaggaaacatccatgtagccatgggagacagagaaggagcccagagtgttctaatgctgatgtagcag  2280 
actgatactacgtggaaaacatgttactgtaccatgctattgtttttccattagtattaatcttaatgacatagaaaaagacagcgtgttagtaattattttggttgtatgcca  2394 
ttagtaaattgacagaaaaattaagggggttaatgtaacttcatctcactgctgtatattaacatcttacaatacaatagtctaagactgagggaaacagatggggctgtttac  2508 
tgagacaactggtgaggaattatgtgttcaatcccattttagagcgtgaaactcctacattagaatagataaagtcactttaaatactatctatatttgtaacagaagtcgtat  2622 

Fig.  1.  Nucleotide  and  predicted  amino  acid  sequences  of  the  2.7-kb  partial  murine  9BP-1  cDNA  recovered  from  the  9BP-1  phage.  The 
underlined  and  bold  82-84  amino  acid  residue  segments  designate  four  protein  regions  having  sequence  similarity  to  PDZ  domains.  Underlined 
nucleotides  denote  the  putative  9BP-1  polyadenylylation  signal. 

fibroblasts  and  epithelial,  B,  and  T  cells,  and,  like  Dig- A,  DLG 
localizes  to  regions  of  cell- cell  contact  in  epithelial  cells  (8, 9). 

As  another  possible  link  to  neoplasia,  DLG  complexes  with  the 
tumor  suppressor  protein  APC  in  mammalian  cells  (11).  Of 
interest,  this  interaction  requires  a  PDZ  domain  of  DLG  and 
the  APC  C  terminus,  which  encodes  a  consensus  PDZ  domain¬ 
binding  motif  (Table  1).  Moreover,  DLG  migrates  at  140-kDa 
in  protein  gels  (8,  11),  similar  to  the  unidentified  pl40/pl30 
90RFl-associated  cellular  proteins.  These  facts  compelled  us 
to  investigate  whether  the  90RF1  oncoprotein  binds  to  this 
cellular  factor. 

Because,  like  9BP-1,  90RFl-associated  cellular  proteins 
immobilized  on  a  membrane  bind  specifically  to  a  wild-type 
GST-90RF1  protein  probe  (R.S.W.  and  R.T.J.,  unpublished 
results),  this  approach  was  chosen  initially  to  examine  a 
possible  interaction  between  the  90RF1  and  DLG  polypep¬ 
tides.  Significantly,  in  such  experiments,  electrophoretically 
separated,  membrane-immobilized,  full  length  DLG  fusion 
protein,  but  not  GST  alone  (data  not  shown),  reacted  with  the 
radiolabeled  wild- type  90RF1  probe  (Fig.  24).  In  contrast,  full 
length  DLG  fusion  protein  did  not  react  with  a  mutlll-A 
90RF1  probe  (data  not  shown),  indicating  that  the  interaction 
between  the  wild-type  90RF1  and  DLG  proteins  was  specific 
and  mediated  by  the  90RF1  C-terminal  domain.  To  identify 
which  region  of  DLG  was  binding  to  the  wild-type  90RF1 
protein,  we  separated  DLG  into  three  protein  fragments  and 
analyzed  each  fragment  fused  to  GST  in  similar  assays.  We 
found  that  the  DLG  fragment  containing  all  three  PDZ 
domains  (GST-3PDZ)  interacted  with  the  90RF1  probe,  but 
the  unique  N-terminal  (GST-NT)  and  SH3  and  guanylate 
kinase  domain-containing  C-terminal  (GST-SH3/GuK)  frag¬ 
ments  did  not  (Fig.  2A).  Further  analyses  to  delineate  which 
DLG  PDZ  domain  interacted  with  the  90RF1  protein  re¬ 
vealed  that  the  90RF1  probe  bound  most  strongly  to  frag¬ 


ments  containing  the  second  DLG  PDZ  domain  (GST- 
PDZl-2,  GST-PDZ2-3,  GST-PDZ2)  yet  also  reacted  with  the 
first  (GST-PDZl)  and  weakly  with  the  third  (GST-PDZ3) 
DLG  PDZ  domains  individually  (Fig.  3A).  Of  interest,  APC 
also  binds  to  the  second  PDZ  domain  of  DLG  (11).  These 
results,  summarized  in  Fig.  2B,  indicated  that  the  wild-type 
90RF1  protein  binds  directly  to  DLG  and,  as  predicted,  this 
interaction  is  mediated  by  the  PDZ  domains  of  this  cellular 
protein. 

We  also  demonstrated  that  the  GST-90RF1  protein  inter¬ 
acts  specifically  with  authentic  cellular  DLG.  This  was  accom¬ 
plished  by  incubating  wild-type  GST-90RF1  protein  with 
whole  cell  lysates  and  immunoblotting  the  recovered  cellular 
proteins  with  a  polyclonal  antiserum  against  DLG.  The  wild- 
type  GST-90RF1  protein,  as  well  as  the  related  wild-type 
GST-120RF1  and  GST-50RF1  proteins  (14),  bound  to  DLG 
in  the  cellular  extracts  whereas  GST  alone  did  not  (Fig.  2C). 
The  detection  of  several  ^140-kDa  DLG  species  in  these 
experiments  was  presumably  due  to  the  fact  that  it  exists  in  four 
different  alternatively  spliced  isoforms  (9).  These  results  were 
confirmed  independently  with  an  mAb  to  DLG  (8)  (data  not 
shown).  In  the  same  experiments,  we  also  included  four 
transformation-defective  C-terminal  mutant  90RF1  proteins 
(mutlll-A,  mutlll-B,  mutlll-C,  mutlll-D;  see  Table  1)  (7). 
With  the  exception  of  mutlll-C,  all  of  these  mutant  90RF1 
proteins  failed  to  complex  with  DLG  (Fig.  2C).  The  mutlll-A 
and  mutlll-B  proteins  lack  detectable  transforming  activity 
and  binding  to  any  90RFl-associated  cellular  proteins 
whereas  the  mutlll-C  and  mutlll-D  proteins  retain  weak 
transforming  activity  and  binding  to  some  90RFl-associated 
cellular  proteins  (ref.  7  and  R.S.W.  and  R.T.J.,  unpublished 
results).  The  mutlll-C  protein  uniquely  preserves  the  capacity 
to  complex  with  pl40/pl30  (DLG)  but  not  other  90RF1- 
associated  cellular  proteins,  and,  conversely,  the  mutlll-D 
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Protein  blot:  Wild-type  90RF1  probe 


Immunoblot:  a-DLG 


Fig.  2.  Association  of  the  90RF1  oncoprotein  with  the  cellular  factor  DLG  in  vitro.  (A)  Binding  of  a  wild-type  GST-90RF1  protein  probe  to 
bacterially  expressed  membrane-immobilized  GST-DLG  proteins  (1  /xg)  in  a  protein  blotting  assay.  Arrowheads  show  locations  of  GST-NT  and 
GST-SH3/GuK  proteins  that  did  not  bind  to  the  GST-90RF1  probe.  The  multiple  bands  seen  with  full  length  DLG  fusion  protein  are  probably 
proteolytic  products  of  this  large  fusion  protein.  (B)  An  illustration  of  the  DLG  protein  fragments  used  in^  and  summary  of  their  corresponding 
90RF1  protein-binding  activities,  -f-  -I-  +  + ,  strong  binding  activity;  +  -I- ,  moderate  binding  activity;  + ,  weak  binding  activity;  — ,  no  detectable  binding 
activity.  (C)  Interaction  of  wild-type  and  transformation-defective  C-terminal  mutant  90RF1  proteins  with  cellular  DLG  in  vitro.  GST  pull-down 
reactions  with  the  indicated  GST  fusion  proteins  were  performed  with  1  mg  of  protein  from  CREF  cell  lysates,  and  recovered  cellular  proteins 
were  immunoblotted  with  rabbit  polyclonal  antiserum  to  DLG  (9).  Protein  bands  were  visualized  with  an  enhanced  chemiluminescence  detection 
system.  (D)  Interaction  of  C-terminal  mutant  90RF1  proteins  and  C-terminal  90RF1  fragments  with  cellular  DLG  in  vitro.  GST  pull-down  reactions 
were  performed  as  described  in  C.  See  Table  1  for  description  of  mutant  90RF1  proteins. 

protein  fails  to  interact  with  pl40/pl30  (DLG)  but  binds  other  C65)  failed  to  demonstrate  detectable  interactions  with  DLG 

90RFl-associated  cellular  proteins.  Taken  together,  these  (Fig.  2D).  These  C-terminal  90RF1  fragments  also  either 

results  suggested  that  the  90RF1  oncoprotein  must  complex  failed  to  bind  or  showed  reduced  binding  to  some  of  the  other 

with  DLG,  as  well  as  one  or  more  other  90RFl-associated  90RFl-associated  cellular  proteins  (R.S.W.  and  R.T.J.,  un- 

cellular  proteins,  to  sustain  full  transforming  potential.  published  results).  Thus,  while  sharing  many  characteristics 

Similar  protein  binding  assays  were  carried  out  to  further  with  related  PDZ  domain-binding  motifs,  the  90RF1  C- 

characterize  the  90RF1  C-terminal  domain.  For  related  PDZ  terminal  region  exhibited  the  novel  property  of  requiring  an 

domain-binding  motifs,  mutation  of  highly  conserved  amino  intact  90RF1  polypeptide  for  retention  of  wild-type  protein 

acid  residues  at  position  -2  or  position  0  from  the  C  terminus  binding  activity. 

results  in  loss  of  protein  binding  activity  (20).  Therefore,  we  The  90RF1  Protein  Complexes  with  the  PDZ  Domain- 

introduced  point  mutations  at  equivalent  amino  acid  residue  Containing  Cellular  Protein  DLG  in  Vivo,  Although  the  results 

positions  of  the  90RF1  protein  (T123A,  T123D,  V125A;  see  described  thus  far  established  that  the  90RF1  protein  binds  to 

Table  1)  to  determine  whether  DLG-binding  activity  would  DLG  in  vitro,  it  was  essential  to  show  that  these  polypeptides 

likewise  be  eliminated.  Concordant  with  results  for  other  PDZ  also  form  complexes  in  vivo.  For  this  purpose,  we  subjected 

domain-binding  motifs,  such  alterations  significantly  dimin-  various  cellular  lysates  to  immunoprecipitation  analyses  with 

ished  binding  of  these  mutant  90RF1  polypeptides  to  DLG  90RF1  antiserum  and  immunoblotted  the  recovered  protein 

(Fig.  2D).  In  addition,  because  the  lO-lS  C-terminal  amino  precipitates  with  anti-DLG  polyclonal  serum.  In  these  exper- 

acid  residues  of  other  PDZ  domain-binding  proteins  retain  iments,  the  90RF1  antibodies  coprecipitated  DLG  from  wild- 

protein  binding  activity  (11,  19),  we  investigated  also  whether  type  90RFl-expressing  cells  but  not  from  normal  cells  or  from 

90RF1  C-terminal  protein  fragments  would  preserve  reactiv-  cells  expressing  mutlll-A  90RF1  (Fig.  3A).  A  reciprocal 

ity  toward  DLG.  Whereas  the  C-terminal  15  amino  acid  analysis,  in  which  cellular  lysates  were  immunoprecipitated 

residues  of  APC  (GST-APC-C15)  possessed  potent  DLG-  with  an  affinity-purified  DLG  polyclonal  serum  and  recovered 

binding  activity,  the  C-terminal  17  and  65  amino  acid  residues  protein  precipitates  were  immunoblotted  with  90RF1  anti- 

of  the  90RF1  protein  (GST-90RF1-C17  and  GST-90RF1-  serum,  confirmed  these  findings  because  the  DLG  antibodies 
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Fig.  3.  Association  of  the  90RF1  oncoprotein  with  DLG  in  vivo. 
(A)  Coimmunoprecipitation  of  cellular  DLG  with  the  90RF1  protein. 
Two  milligrams  of  protein  from  cell  lysates  prepared  from  the  indi¬ 
cated  CREF  cell  pool  were  subjected  to  immunoprecipitation  with  2.5 
fjil  of  90RF1  rabbit  polyclonal  antiserum.  Precipitated  proteins  were 
separated  by  SDS/PAGE,  transferred  to  a  poly(vinylidene  fluoride) 
membrane,  and  immunoblotted  with  either  DLG  rabbit  polyclonal 
antiserum  (9)  (upper  three  panels)  or  90RF1  antiserum  (lower  three 
panels).  (B)  Coimmunoprecipitation  of  the  90RF1  protein  with 
cellular  DLG.  These  experiments  were  performed  as  described  in  A 
except  that  cellular  lysates  were  immunoprecipitated  with  0.4  jiig  of 
affinity-purified  DLG  rabbit  polyclonal  antibodies  (34).  Membranes 
were  immunoblotted  with  either  90RF1  antiserum  (upper  three 
panels)  or  DLG  antiserum  (lower  three  panels).  IP,  immunoprecipi¬ 
tation. 


coprecipitated  90RF1  protein  from  wild-type  90RF1- 
expressing  cells  but  not  from  normal  cells  or  from  cells 
expressing  mutlll-A  90RF1  (Fig.  3B).  In  addition,  DLG  also 
coimmunoprecipitated  with  90RF1  protein  expressed  in  an 
Ad9-induced  rat  mammary  tumor  cell  line  (data  not  shown). 
These  results  indicated  that  the  wild  type,  but  not  a  C-terminal 
mutant  90RF1  protein,  forms  complexes  with  DLG  in  vivo. 

The  HTLV-1  Tax  and  HPV-18  E6  Oncoproteins  Possess 
Consensus  C-Terminal  PDZ  Domain-Binding  Motifs  and 
Bind  DLG  in  Vitro,  Seemingly  unrelated  viral  oncoproteins 
may  share  common  strategies  for  cellular  transformation,  a 
concept  illustrated  by  the  faet  that  the  simian  virus  40  large  T 
antigen,  the  papillomavirus  E6  and  E7  proteins,  and  the 
adenovirus  ElA  and  ElB  proteins  similarly  target  the  cellular 
tumor  suppressor  proteins  pRB  and  p53  (22).  Consequently, 
we  considered  the  possibility  that  other  viral  oncoproteins,  in 
addition  to  the  90RF1  protein,  might  also  bind  DLG.  This  idea 
was  initially  explored  by  searching  sequence  databases  for 
polypeptides  encoding  a  consensus  PDZ  domain-binding  motif 
at  their  free  C-terminal  ends.  From  this  analysis,  we  discovered 
that  the  Tax  oncoprotein  from  human  T  cell  leukemia  virus 
type  1  (HTLV-1)  and  many  different  E6  oncoproteins  from 
HPVs  of  the  genital  tract  also  possessed  a  consensus  C- 
terminal  PDZ  domain-binding  motif  (Table  2).  The  retrovirus 
HTLV-1  is  the  etiological  agent  of  the  aggressive  and  often 
fatal  adult  T  cell  leukemia  (23)  whereas  certain  HPVs  are 
associated  with  the  majority  of  cervical  cancers  (24).  Of 
interest,  with  the  exception  of  those  encoded  by  HPV-16  and 
HPV-33,  all  E6  proteins  from  HPVs  generating  genital  lesions 
with  a  risk  for  malignant  progression  (HPV  types  16, 18, 30, 31, 
33,  35,  39,  45,  51,  52,  56,  58)  contained  the  putative  PDZ 
domain-binding  motif  (25). 


Table  2.  HTLV-1  Tax  and  many  HPV  E6  oncoproteins  have 
consensus  PDZ  domain-binding  motifs  at  their  C  termini* 


Position 

PDZ  domain¬ 
binding  motif 

-3 

-2 

“1 

0 

X 

(S/T) 

X 

(V/I) 

HTLV-1  Tax 

E 

T 

E 

V 

HIV-1  Tat 

G 

P 

K 

E 

HPV  E6  types 

11 

D 

L 

L 

P 

18,  26,  31,  39,  45,  51 

E 

T 

Q 

V 

30 

E 

T 

A 

V 

34 

A 

T 

V 

V 

35 

E 

T 

E 

V 

52 

V 

T 

0 

V 

53 

E 

S 

A 

V 

56 

E 

S 

T 

V 

58 

Q 

T 

Q 

V 

*The  C-terminal  four  amino  acid  residues  of  each  viral  protein  are 
shown.  Note  that  HIV-1  Tat  and,  with  the  exception  of  those  encoded 
by  HPV-26,  HPV-34,  and  HPV-53,  E6  proteins  from  low  risk  HPVs 
(e.g.,  HPV-11  E6)  do  not  encode  the  indicated  consensus  C-terminal 
PDZ  domain-binding  motif. 

These  observations  prompted  experiments  to  address 
whether  HTLV-1  Tax  and  HPV  E6  oncoproteins  also  would 
bind  DLG.  For  this  purpose,  we  examined  Tax  and  one 
representative  E6  protein,  from  HPV-18,  which  is  designated 
as  a  high  risk  virus  because  of  its  strong  association  with 
cervical  cancer.  The  HPV-18  E6  protein  (18E6)  also  has  the 
identical  C-terminal  sequence  as  five  other  E6  proteins,  in¬ 
cluding  those  from  two  additional  high  risk  viruses,  HPV-31 
and  HPV-45  (Table  2).  To  assay  binding  to  cellular  DLG,  we 
incubated  GST-Tax  and  GST-18E6  proteins  with  protein 
extracts  from  a  human  cell  line  and  immunoblotted  the 
recovered  proteins  with  anti-DLG  polyclonal  serum.  Signifi¬ 
cantly,  similar  to  GST-90RF1,  both  GST-Tax  and  GST-18E6 
specifically  associated  with  cellular  DLG  (Fig.  4).  GST  alone 
as  well  as  HIV-1,  Tat  (GST-Tat),  and  low  risk  HPV-11  E6 
(GST-11E6)  fusion  proteins,  which  lacked  the  consensus  C- 
terminal  PDZ  domain-binding  motif  (Table  2),  failed  to 
demonstrate  detectable  DLG-binding  activity  in  these  exper¬ 
iments  (Fig.  4).  Because  the  HTLV-1  Tax  and  HPV  E6 
proteins,  aside  from  having  nuclear  components,  also  localize 
to  the  cytoplasm  of  cells  similar  to  the  90RF1  protein  (26, 27), 
in  vivo  interactions  with  DLG  seem  possible.  Moreover,  DLG 
is  expressed  in  both  human  T  and  cervical  epithelial  cell  lines 
(9)  (unpublished  results),  cell  types  infected  by  HTLV-1,  and 
genital  HPVs,  respectively.  Although  transformation  by  the 
Tax  or  E6  oncoproteins  is  known  to  require  binding  to  the 
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Fig.  4.  Association  of  HTLV-1  Tax  and  HPV  E6  oncoproteins 
with  DLG  in  vitro.  GST  pull-down  reactions  with  the  indicated  GST 
fusion  protein  were  performed  as  described  in  the  legend  to  Fig.  2 
except  that  500  /xg  of  protein  from  human  TE85  cell  lysate  was  used 
per  reaction. 
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cellular  factors  CREB,  CBP,  and  NFKB2  (28-31)  or  p53, 
E6-AP,  and  E6BP  (25, 26),  respectively,  the  results  suggest  that 
these  viral  oncoproteins  also  complex  with  DLG,  Thus,  con¬ 
sidering  the  findings  with  the  90RF1  protein,  DLG  binding 
may  also  contribute  to  the  transforming  potential  of  these  viral 
oncoproteins.  In  support  of  this  idea,  the  Tax  C-terminal  23 
amino  acid  residues,  which  presumably  mediate  binding  to 
DLG,  have  been  implicated  in  Tax-mediated  transformation 
(32). 

PDZ  domains  serve  to  recruit  and  network  plasma  mem¬ 
brane  and  cytoskeletal  proteins  to  regions  of  cell-cell  contact 
(16, 17).  Moreover,  PDZ  domain-containing  polypeptides,  like 
DLG,  normally  possess  additional  protein  motifs,  including 
SH3,  guanylate  kinase-like,  pleckstrin,  protein  tyrosine  phos¬ 
phatase,  or  Ca+/calmodulin  protein  kinase  II  domains  (33), 
suggesting  that  these  cellular  factors  function  as  components  of 
novel  signal  transduction  pathways.  This  idea  implies  that  the 
Drosophila  tumor  suppressor  protein  Dlg-A  and  perhaps  its 
mammalian  homolog  DLG  transmit  growth-inhibitory  signals 
from  sites  of  cell-cell  contact  to  downstream  effectors.  In  cells, 
DLG  binds  to  the  free  C-terminal  end  of  the  tumor  suppressor 
protein  APC  (11).  Considering  that  APC  sustains  C-terminal 
truncations  in  most  sporadic  and  familial  colon  cancers  (12), 
it  is  conceivable  that  DLG:APC  complexes  participate  in 
blocking  cell  cycle  progression.  If  so,  one  intriguing  possibility 
is  that,  by  binding  to  DLG,  the  90RF1,  HTLV-1  Tax,  and  HPV 
E6  oncoproteins  prevent  the  formation  of  DLGiAPC  com¬ 
plexes  and,  thereby,  contribute  to  the  promotion  of  unregu¬ 
lated  cellular  proliferation.  Consistent  with  this  proposal,  we 
found  that  the  90RF1  and  APC  proteins  interact  preferen¬ 
tially  with  the  same  PDZ  domain  of  DLG.  Determining  the 
functional  consequences  of  physical  interactions  between  hu¬ 
man  virus  oncoproteins  and  DLG  should  help  clarify  the  role 
of  this  cellular  factor  in  controlling  normal  cell  growth  and  in 
oncogenesis. 
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Early  Region  1  Transforming  Functions  Are  Dispensable  for 
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Some  human  adenoviruses  are  tumorigenic  in  rodents.  Subgroup  A  and  B  human  adenoviruses  generally 
induce  sarcomas  in  both  male  and  female  animals,  and  the  gene  products  encoded  within  viral  early  region  1 
(El  region)  are  both  necessary  and  sufficient  for  this  tumorigenicity.  In  contrast,  subgroup  D  human  adenovi¬ 
rus  type  9  (Ad9)  induces  estrogen-dependent  mammary  tumors  in  female  rats  and  requires  the  E4  region-en¬ 
coded  ORFl  oncoprotein  for  its  tumorigenicity.  Considering  the  established  importance  of  the  viral  El  region 
for  tumorigenesis  by  adenoviruses,  we  investigated  whether  this  viral  transcription  unit  is  also  necessary  for 
Ad9  to  generate  mammaiy  tumors.  The  nucleotide  sequence  of  the  Ad9  El  region  indicated  that  the  gene  or¬ 
ganization  and  predicted  ElA  and  ElB  polypeptides  of  Ad9  are  closely  related  to  those  of  other  human  adeno¬ 
virus  El  regions.  In  addition,  an  Ad9  El  region  plasmid  demonstrated  focus-forming  activity  in  both  low- 
passage-number  and  established  rat  embryo  fibroblasts,  whereas  a  large  deletion  within  either  the  ElA  or  ElB 
gene  of  this  plasmid  diminished  transforming  activity.  Surprisingly,  we  found  that  introducing  the  same  trans- 
formation-inactivating  ElA  and  ElB  deletions  into  Ad9  results  in  mutant  viruses  that  retain  the  ability  to  elicit 
mammary  tumors  in  rats.  These  results  are  novel  in  showing  that  Ad9  represents  a  unique  oncogenic  adeno¬ 
virus  in  which  the  E4  region,  rather  than  the  El  region,  encodes  the  major  oncogenic  determinant  in  the  rat. 


Human  adenoviruses  cause  primarily  respiratory,  gastroin¬ 
testinal,  and  eye  infections  in  people  and  are  divided  into  six 
subgroups  (A  to  F)  based  upon  several  physical  characteristics 
(25,  48).  In  rodents,  however,  the  subgroup  A  and  B  adenovi¬ 
ruses  are  tumorigenic,  eliciting  undifferentiated  sarcomas  at 
the  site  of  viral  inoculation  in  both  male  and  female  animals 
(22,  54).  Although  subgroup  D  adenoviruses  are  nononcogenic 
in  hamsters  (54),  subgroup  D  human  adenovirus  type  9  (Ad9) 
elicits  mammary  tumors  in  rats  (3,  4,  29).  Three  months  after 
subcutaneous  injection  with  Ad9,  female  rats  develop  exclu¬ 
sively  estrogen-dependent  mammary  tumors,  while  male  rats 
fail  to  develop  tumors  of  any  kind.  Tumors  that  form  in  the 
female  rats  are  predominantly  mammary  fibroadenomas,  the 
most  common  type  of  benign  breast  tumor  found  in  young 
women  (29,  44). 

For  the  subgroup  A  and  B  adenoviruses,  the  ElA  and  ElB 
gene  products  encoded  within  the  viral  early  region  1  (El 
region)  are  both  necessary  and  sufficient  for  oncogenic  trans¬ 
formation  of  primary  rodent  cell  cultures  (22,  49,  51).  Individ¬ 
ually,  ElA  is  capable  of  immortalizing  cells  (26),  whereas  ElB 
displays  no  transforming  potential  (55).  Together,  however, 
these  viral  genes  cooperate  to  produce  transformed  cells  (22). 
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The  mechanism  by  which  El  region  gene  products  transform 
cells  can  be  attributed,  in  part,  to  their  ability  to  inactivate  the 
cellular  tumor  suppressor  proteins  pRB  and  p53  (48). 

Unlike  subgroup  A  and  B  adenoviruses,  subgroup  D  Ad9 
requires  the  E4  region  ORFl  oncoprotein  to  generate  tumors 
(30,  32).  Nevertheless,  the  facts  that  (i)  ElA  mRNA  is  ex¬ 
pressed  in  Ad9-induced  mammary  tumors  (29)  and  (ii)  the 
Ad9  El  and  E4  regions  together  cooperate  to  induce  focus 
formation  in  CREF  cells  (30)  suggest  that  the  viral  El  region 
may  also  be  required  for  Ad9-induced  mammary  tumorigene¬ 
sis.  To  address  this  possibility,  we  constructed  Ad9  mutant 
viruses  containing  transformation-defective  ElA  and  ElB 
genes.  Despite  the  critical  role  of  the  viral  El  region  in  onco¬ 
genesis  by  subgroup  A  and  B  adenoviruses,  we  present  results 
here  indicating  that  El  region  transforming  functions  are  dis¬ 
pensable  for  Ad9  to  induce  mammary  tumors  in  rats. 

MATERIALS  AND  METHODS 

Cell  lines.  Rat  embryo  fibroblasts  (REFs)  were  cultured  from  16-day  Fisher  rat 
embryos  (Harlan  Sprague-Dawley,  Indianapolis,  Ind.)  by  using  standard  methods 
(20).  REF  cultures,  rat  CREF  (19)  and  3Y1  cell  lines  (37),  and  human  A549  and 
293  cell  lines  (2,  23)  were  maintained  in  culture  medium  (Dulbecco’s  modified 
Eagle  medium  supplemented  with  20  [xg  of  gentamicin  per  ml  and  6  or  10%  fetal 
bovine  serum)  under  a  5%  CO2  atmosphere  at  37°C. 

Nucleotide  sequence  analyses  and  plasmid  construction.  Plasmids  pUC19- 
Ad9[0-7.5]  and  pSP72-Ad9[7.5-12.5]  containing  Ad9  DNA  sequences  from  0  to 
7.5  and  7.5  to  12.5  map  units  (m.u.),  respectively,  were  used  to  determine  the 
nucleotide  sequence  of  the  Ad9  El  region. 

A  DNA  fragment  (0  to  12.5  m.u.)  containing  the  Ad9  El  region  was  inserted 
into  the  Kpnl  and  Bglll  sites  of  plasmid  pSP72  (Promega)  to  make  pAd9El. 
Deletions  within  the  Ad9  ElA  and  ElB  genes  were  first  introduced  into  pUC19- 
Ad9[0-7.5]  by  removing  the  Ad9  Sacl-BspEl  fragment  (nucleotides  [nt]  542  to 
1049)  and  the  Ad9  Nael-Clal  fragment  (nt  1609  to  2495),  respectively.  These  two 
deletion  mutations  were  subsequently  transferred  to  pAd9El  within  the  Ad9 
BamUl-EcoRl  fragment  (0  to  7.5  m.u.),  resulting  in  pAd9El(AElA)  and 
pAd9El(AElB),  respectively.  The  presence  of  the  correct  deletion  in  each  mu¬ 
tant  plasmid  was  verified  by  restriction  enzyme  and  limited  sequence  analyses. 
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CTATCTATATAATATACCCCACAAAGTAAACAAAAGTTAATATGCAAATGAGCTTTTGAATTTTAACGGTTTCGGGCGGAGCCAACGCTGATTGGACGAG 

AGAAGACGATGCAAATGACGTCACGACTGCACGGCTAACGGTCGCCGCGGAGGCGTGGCCTAGCCCGGAAGCAAGTCGCGGGGCTGATGACGTATAAAAA 

AGCGGACTTTAGACCCGGAAACGGCCGATTTTCCCGCGCCACGCCCGGATATGAGGTAATTCTGGGCGGATGCAAGTGATiATTAGGTCATTTTGGCGCGA 

AAACTGAATGAGGAAGTGAAAAGCGAAAAATACCGGTCCCTCCCAGGGCGGAATATTTACCGAGGGCCGAGAGACTTTGACCGATTACGTGGGGGTTTCG 

ElA  TATA 

attgcggtgtttttttcgcgaatttccgcgtccgtgtcaaagtccggtgtttatgtcacagatcagctgatccgcaggtatttaaaccagtcgagtccgt 

■Sad  start  ElA  protein 

caagaggccactcttgagtgccagcgagtagagatttctctgagctccgctcccagagaccgagaaaa^agacacctgcgcctcctgccttcaactgt 

MRHLRLLPST 

gcccgotgagctggctgtgcttatgctggaggactttgtggatacagtattggaggacgaactgcatccaagtccgttcgagctgggacccacacttcag 

VPGELAVLMLEDFVDTVLEDELHPSPFELGPTLQ 

SAl 

gatctctatgatctggaggtagatgcccatgatgacgaccctaacgaggaggctgtgaatttaatatttcc^aatctatgattcttcaggctgacatag 

DLYDLEVDAHDDDPNEEAVNLIFPESMILQADI 

ccaacgaatctactccacttcatacaccgactctgtcacccatacctgaattggaagaggaggacgaactagacctccggtgttatgaggaaggttttcc 

ANESTPLHTPTLSPIPELEEEDELDLRCYEEGF 

SD2 

tcccagcgattcagaggatgaacggg^gagcagaccatggctctgatctcagactatgcttgtgtgattgtggaggagcaagatgtgattgaaaaatct 

PPSDSEDERGEQTMALISDYACVIVEEQDVIEKS 

BspEI 

actgagccagtacaaggctgtaggaactgccagtaccaccgggataagtccggagatgtgaacgcctcctgcgctttgtgctatatgaaacagactttca 

tepvqgcrncqyhrdksgdvnascalcymkqtf 

SD3 

gctttatttacaotaagtggagtgaatgtgagagaggctgagtgcttaacacataactgtaatgcttgaacagctgtgctaagtgtggtttattttgtta 

S  F  I  Y  S 
SA2 

ct^gtccggtgtcagaggatgagttatcaccctcagaagaagaccacccgtctccccctgagctgtcaggcgaaacgcccctgcaagtgttcagaccca 

pvsedelspseedhpsppelsgetplqvfrp 

ccccagtcagacccagtggcgagaggcgagcggctgttgacaaaattgaggacttgttgcaggacatgggtggggatgaacctttggacctgagcttgaa 

tpvrpsgerraavdkiedllqdmggdepldlsl 

stop  ElA  protein  poly  A  ElA 

ACGCCCCAGGAACTMACGCACGTGCGCTTAGTCATGTGTAAATAAAGTTGTACMIMAAGTCTATGTGACGCATGCAAGGTGTGGTTTATGACTCATG 

K  R  P  R  N  * 


ElB  TATA  start  ElB  19K  protein 

GGCGGGGCTTAGTCCTATAT^GTGGCAACACCTGGGCACTTGGGCACAGACCTTCAGGGAGTTCCTGMIGGATGTGTGGACTATCCTTGCAGACTTTAG 

mdvwtiladf 

CAAGACACGCCG^TTGTAGAGGATAGTTCAGACGGGTGCTCCGGGTTCTGGAGACACTGGTTTGGAACTCCTCTATCTCGCCTGGTGTACACAGTTAAG 

sktrrlvedssdgcsgfwrhwfgtplsrlvytvk 

aaggattataaagaggaatttgaaaatatttttgctgactgctctggcctgctagattctctgaatcttggccaccagtcccttttccaggaaagggtac 

kdykeefenifadcsglldslnlghqslfqerv 

start  ElB  55K  protein 

tccacagccttgatttttccagcccagggcgcactacagccggggttgcttttgtggtttttctggttgacaaatggagccaggacacccaactgagcag 

lhsldfsspgrttagvafvvflvdkwsqdtqls 

MEPGHPTEQ 

gggctacatcctggacttcgcagccatgcacctgtggagggcctggatcaggcagcggggacagagaatcttgaattactggcttctacagccagcagct 

rgyildfaamhlwrawirqrgqrilnywllqpaa 

glhpglrshapvegldqaagtenlellastass 

ccgggtcttcttcgtctacacagacaaacatccatgttggaggaagaaatgaggcaggccatggacgagaacccgaggagcggcctggaccctccgtcgg 

pgllrlhrqtsmleeemrqamdbnprsgldpps 

sgsssstqtnihvggrneaghgrepeerpgpsv 

stop  ElB  19K  protein  SD4A  SD4B 

aagaggagctggatt^tcagotatccagcctgtacccagagcttagcaaggtgctgacatccatggccaggggagttaagagggagaggagcgatggg 

E  E  E  L  D  * 

grgaglnqvsslypelskvltsmargvkrersdg 

ggtaataccgggatgatgaccgagctgacggccagcctgatgaatcggaaacgcccagagcgccttacctggtacgagctacagcaggagtgcagggatg 

gntgmmteltaslmnrkrperltwyelqqecrd 

agttgggcctgatgcaggataaatatggcctggagcagataaaaacccattggttgaacccagatgaggattgggaggaggctattaagaagtatgccaa 

elglmqdkygleqikthwlnpdedweeaikkya 

Clal 

gatagccctgcgcccagattgcaagtacatagtgaccaagaccgtgaatatcagacatgcctgctacatctcggggaacggggcagaggtggtcatcgat 

kialrpdckyivtktvnirhacyisgngaevvid 

EcoRI 

accctggacaaggccgccttcaggtgttgcatgatgggaatgagagcaggagtgatgaatatgaattccatgatcttcatgaacatgaagttcaatggag 

tldkaafrccmmgmragvmnmnsmifmnmkfng 

agaagtttaatggggtgctgttcatggccaacagccagatgaccctgcatggctgcagtttcttcggcttcaacaatatgtgcgcagaggtctggggcgc 

ekfngvlfmansqmtlhgcsffgfnnmcaevwg 

ttccaagatcaggggatgtaagttttatggctgctggatgggcgtggtcggaagaccagagagcgagatgtctgtgaagcagtgtgtgtttgagaaatgc 

askirgckfygcwmgvvgrpesemsvkqcvfekc 

tacctgggagtctctaccgagggcaatgctagagtgagacactgctcttccctggagacgggctgcttctgcctggtgaagggcacagcctctctgaagc 

ylgvstegnarvrhcssletgcfclvkgtaslk 

ataacatggtgaagggctgcacggatgagcgcatgtacaacatgctgacctgcgattcgggggtctgccatatcctgaagaacatccatgtgacctccca 

hnmvkgctdermynmltcdsgvchilknihvts 


ccccagaaagaagtggccagtgtttgagaataacctgctgatcaagtgccatatgcacctgggagccagaaggggcaccttccagccgtaccagtgcaac 

hprkkwpvfennllikchmhlgarrgtpqpyqcn 

tttagccagaccaagctgctgttggagaacgatgccttctccagggtgaacctgaacggcatctttgacatggatgtctcggtgtacaagatcctgagat 

fsqtklllendafsrvnlngifdmdvsvykilr 

acgatgagaccaagtccagggtgcgcgcttgcgagtgcgggggcagacacaccaggatgcagccagtggccctggatgtgaccgaggagctgagaccaga 

ydetksrvracecggrhtrmqpvaldvteelrp 

stop  ElB  55K  protein  SD5 

ccacctggtgatggcctgtaccgggaccgagttcagctccagtggggaggacacagattmagotaggtcgagtgagtagtgggcgtggctaaggtgact 

dhlvmactgtefsssgedtd* 

Protein  IX  TATA  SA3  start  protein  IX 

ata^ggcgggtgtcttacgagggtctttttgcttttctgcmacatcatgaacgggacgggcggggccttcgaaggggcgctttttagcccttatttga 

mngtggafegalfspyl 

caacccgcctgccgggatgggccggagttcgtcagaatgtgatgggatcgacggtggatgggcgcccagtgcttccagcaaattcctcgaccatgaccta 

ttrlpgwagvrqnvmgstvdgrpvlpansstmt 

cgcgaccgtggggagctcgtcgctcgacagcaccgccgcagccgcggcagccgcagctgccatgacagcgacgagactggcctcgagctacatgcccagc 

yatvgsssldstaaaaaaaaamtatrlassymps 

agcggcagcagcccctctgtgcccagttccatcatcgccgaggagaaactgctggccctgctggccgagctggaagccctgagccgccagctggccgccc 

sgsspsvpssiiaeekllallaelealsrqlaa 

stop  protein  IX  poly  A  ElB  poly  A  protein  IX 

TGACCCAGCAGGTGTCCGACGTCCGCGAGCAGCAACAGCAGCAAAATAAATGATTCAATAAACACAGATTCTGATTCAAACAGC7!LAaGrATrTTTaTTaT 
LTQQVSDVREQQQQQNK* 

tatttattttttcgcgcgcggtaggccctggtccacctctcccgatcattgagagtgcggtggattttttccaggacccggtagaggtgggattggatgt 

TGAGGT 
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135  ELSGETPLQV  FRPTPVRPSG  ERRAAVDKIE  DLLQDMGGDE  PLDLSLKRPR  N  251 

1 25  ELSGETPLQV  FRPTPVRPSG  ERRAAVDKIE  DLLQDMGGDE  PLDLSLKRPR  N  189 

105  ELSGETPLQV  FRPTPVRPSG  ERRAAVDKIE  DLLQDMGGDE  PLDLSLKRPR  N  133 

FIG.  1.  (A)  Nucleotide  sequence  of  the  Ad9  El  region.  The  locations  of  El  A,  ElB,  and  IX  gene  promoter  TATA  boxes,  known  and  putative  splice  donor  (SD) 
and  splice  acceptor  (SA)  sites,  and  poly(A)  signal  sequences  are  shown.  Relevant  restriction  enzyme  sites  are  indicated  (underlined)  on  the  nucleotide  sequence.  ElA 
and  ElB  mRNA  splice  variants  result  from  the  use  of  the  following  SD  and  SA  sites:  lOS  ElA,  SDl  and  SAl  plus  SD2  and  SA2;  12S  ElA,  SD2  and  SA2;  13S  El^ 
SD3  and  SA2;  13S  ElB,  SD4A  or  SD4B  and  SA3;  and  22S  ElB,  SD5  and  SA3.  The  predicted  amino  acid  sequences  of  the  13S  ElA,  19K  and  55K  ElB,  and  pIX 
polypeptides  are  shown  beneath  their  coding  sequences.  (B)  Comparison  of  the  Ad9  13S,  12S,  and  lOS  ElA  polypeptide  sequences.  CRl,  CR2,  spacer  region,  and  CR3 
are  indicated  (22,  33,  48,  53). 


Construction  of  adenovirus  mutants.  Ad9  mutant  viruses  having  the  same 
ElA  and  ElB  gene  deletions  described  above  for  plasmids  pAd9El(AElA)  and 
pAd9El(AElB)  were  generated.  Briefly,  the  full-length  Ad9  genome  (0  to 
100  m.u.)  consists  of  three  EcoRI  fragments:  A  (7.5  to  95  m.u.),  B  (0  to  7.5  m.u.), 
and  C  (95  to  100  m.u.).  Deletions  were  first  introduced  into  the  Ad9  EcoRl  B 
fragment  of  a  plasmid,  pAd9-EcoRI(B+C),  which  contains  properly  oriented 
terminal  Ad9  EcoRI  B  and  C  fragments  but  lacks  the  intervening  Ad9  EcoRl  A 
fragment.  Full-length  mutant  Ad9  genomes  were  subsequently  assembled  by 
inserting  a  virion-derived  Ad9  EcoRl  A  fragment  in  the  correct  orientation  at  the 
unique  EcoRl  site  of  mutant  pAd9-EcoRI(B+C)  plasmids.  The  resulting  infec¬ 
tious  pAd9-EcoRI(A+B+C)  plasmids  were  digested  with  Spel  to  release  intact 
linear  viral  genomes,  which  were  transfected  into  293  cells  to  complement  ex¬ 
pected  El  region  deficiencies  of  the  mutant  viruses  (2,  23).  Recovered  viruses 
were  amplified  and  titrated  in  293  cells  (31,  48). 

Isolation  of  RNA  and  Northern  blot  analyses.  Total  RNA  was  isolated  from 
mock-infected  or  Ad9-infected  A549  cells  (multiplicity  of  infection  of  10;  9  h 
postinfection).  Cells  were  washed  with  ice-cold  phosphate-buffered  saline 
(4.3  mM  Na2HP04, 1.4  mM  KH2PO4, 137  mM  NaCl,  2.7  mM  KCl)  and  lysed  in 
guanidinium  solution  (4  M  guanidinium  isothiocyanate,  20  mM  sodium  acetate 
[pH  5.2],  0.1  mM  dithiothreitol,  and  0.5%  [wt/vol]  Sarkosyl)  (12).  The  resulting 
lysate  was  drawn  through  a  20-gauge  needle  to  shear  cellular  DNA,  layered  onto 
a  5.7  M  CsCl  cushion,  and  centrifuged  at  150,000  X  g  for  18  h.  The  RNA  pellet 
was  dissolved  in  TES  buffer  (1  mM  Tris-HCl  [pH  7.5],  2.5  mM  EDTA,  1% 
[wt/vol]  sodium  dodecyl  sulfate  [SDS]),  precipitated  with  ethanol,  and  resus¬ 
pended  in  water. 

For  Northern  blot  analyses,  total  RNA  was  separated  on  a  formaldehyde 
agarose  gel  and  transferred  to  a  nitrocellulose  membrane  (13).  The  membrane 
was  preincubated  in  hybridization  buffer  (0.5  M  Na2HP04  [pH  7.2],  1  mM 
EDTA,  7%  [wt/vol]  SDS)  at  65'’C  for  4  h  and  then  incubated  in  hybridization 
buffer  containing  a  radiolabeled  DNA  probe  (4.3  X  10®  cpm/ml)  at  65“C  for  16  h. 
ElA  and  ElB  probes,  derived  from  Ad9  El  region  DNA  fragments  SacRSphl  (nt 
542  to  1473)  and  Nael-EcoRl  (nt  1609  to  2563),  respectively,  were  radiolabeled 
by  the  random  priming  method  (17)  and  purified  by  gel  filtration  on  NICK 
columns  (Pharmacia).  Probed  membranes  were  washed  in  SSC  wash  buffer  (45 
mM  NaCl,  4.5  mM  sodium  citrate,  0.1%  [wt/vol]  SDS)  at  65°C. 

Isolation  of  virion  and  cellular  DNA.  For  isolation  of  adenovirus  virion  DNA, 
293  cells  were  infected  at  a  multiplicity  of  infection  of  10  and,  at  72  h  postinfec¬ 
tion,  were  harvested  and  lysed  in  lysis  buffer  (55  mM  Tris-HCl  [pH  9.0],  0.5  mM 
EDTA,  0.2%  [wt/vol]  sodium  deoxycholate,  10%  [vol/vol]  ethanol,  0.5  mM 
spermine-HCl).  Cell  lysates  were  cleared  by  centrifugation,  treated  with  protein¬ 
ase  K  solution  (0.75%  [wt/vol]  SDS,  12.5  mM  EDTA,  2.5  mg  of  proteinase  K  per 
ml)  at  37°C  for  1  h,  and  extracted  with  phenol  and  chloroform.  Virion  DNA  was 
precipitated  with  ethanol  and  resuspended  in  water. 

For  isolation  of  cellular  DNA,  400  mg  of  frozen  tumor  tissue  was  ground  in  a 
liquid  nitrogen-chilled  mortar  and  pestle.  The  resulting  frozen  tumor  powder  was 
suspended  in  4.8  ml  of  digestion  buffer  (10  mM  Tris-HCl  [pH  8.0],  100  mM  NaCl, 
25  mM  EDTA,  0.5%  [wt/vol]  SDS,  0.1  mg  of  proteinase  K  per  ml),  incubated  at 
50°C  for  16  h,  and  extracted  with  phenol  (52).  Cellular  DNA  was  precipitated 
with  ethanol  and  resuspended  in  TE  buffer  (10  mM  Tris-HCl  [pH  7.4],  1  mM 
EDTA). 

PCR  analyses.  For  PCR  amplification  of  cDNAs  (reverse  transcription-PCR 
analysis),  2  p.g  of  total  RNA  was  reverse  transcribed  with  Moloney  murine 
leukemia  virus  reverse  transcriptase,  using  random  hexamers,  as  suggested  by  the 
manufacturer  (Gibco-BRL).  Ad9  ElA  cDNAs  were  PCR  amplified  with  Taq 
polymerase  (Promega)  by  using  ElA  primers  1  (nt  551  to  570;  5'  CTC  CTG  CAG 
TCC  CAG  AGA  CCG  AGA  AAA  AT  3')  and  2  (nt  1430  to  141 1;  5'  CTC  AAG 


CTT  AAG  CGC  ACG  TGC  GTC  TAG  TT  3').  Pstl  and  Hindlll  sites  (under¬ 
lined)  engineered  within  the  ElA  oligonucleotides  allowed  PCR  products  to  be 
inserted  at  the  same  sites  of  plasmid  ds56rII6HI  (1)  for  sequencing.  Portions  of 
the  Ad9  ElA  and  ElB  genes  and  the  entire  Ad9  E4  ORFl  gene  were  PCR 
amplified  from  tumor  DNAs,  using  the  following  oligonucleotide  pairs:  ElA 
primers  a  (nt  487  to  513;  5'  CCA  GTC  GAG  TCC  GTC  AAG  AGG  CCA  CTC 
3')  and  b  (nt  1487  to  1461;  5'  CCA  CAC  CTT  GCA  TGC  GTC  ACA  TAG  AC 
3');  ElB  primers  c  (nt  1584  to  1609;  5'  ATC  CTT  GCA  GAC  TTT  AGC  AAG 
ACA  CG  3')  and  d  (nt  2651  to  2628;  5'  CAT  GCA  GGG  TCA  TCT  GGC  TGT 
TGG  3');  and  Ad9  E4  ORFl  primers  1  (5'  ATG  GCT  GAA  TCT  CTG  TAT 
GCT  TTC  3')  and  2  (5'-CAT  GGT  TAG  TAG  AGA  TGA  GAG  TCT  GAA  3'). 
For  ElA  and  ElB  nested  PCRs,  DNA  products  derived  from  each  of  the  first 
PCR  amplifications  described  above  were  extracted  with  phenol,  precipitated 
with  ethanol,  and  resuspended  in  water.  One-twentieth  of  each  sample  was 
subjected  to  a  second  round  of  PCR  amplification  using  the  following  oligonu¬ 
cleotide  pairs:  ElA  primers  e  (nt  726  to  746;  5'  CCC  ATG  ATG  ACG  ACC  CTA 
ACG  3')  and  b;  and  ElB  primers  c  and/(nt  2116  to  2094;  5'  CAA  TCC  AGC 
TCC  TCT  TCC  GAC  GG  3')- 

Immunoprecipitation  and  immunoblot  analyses.  Immunoprecipitations  and 
immunoblot  analyses  were  performed  as  described  previously  (32).  Briefly,  fro¬ 
zen  tumor  powder,  generated  as  described  above  for  the  isolation  of  cellular 
DNA,  was  suspended  in  ice-cold  radioimmunoprecipitation  assay  buffer  (50  mM 
Tris-HCl  [pH  8.0],  150  mM  NaCl,  0.1%  [wt/vol]  SDS,  1%  [vol/vol]  Nonidet  P-40, 
0.5%  [wt/vol]  deoxycholate)  containing  protease  inhibitors  (2  |i.g  of  aprotinin,  2 
\xg  of  leupeptin,  and  100  pg  of  phenylmethylsulfonyl  fluoride  per  ml),  sonicated 
briefly,  and  cleared  by  centrifugation  (16,000  x  g,  10  min).  The  protein  concen¬ 
tration  of  tumor  lysates  was  determined  by  the  method  of  Bradford  (9).  Three 
milligrams  of  protein  from  tumor  lysates  was  subjected  to  immunoprecipitation 
with  15  |jlI  of  Ad9  E4  ORFl  antiserum  prebound  to  30  |xl  of  protein  A-Sepharose 
beads  (Pharmacia)  (32).  Beads  were  washed  with  ice-cold  radioimmunoprecipi¬ 
tation  assay  buffer  and  boiled  in  2x  sample  buffer  (0.13  M  Tris-HCl  [pH  6.8],  4% 
[wt/vol]  SDS,  20%  [vol/vol]  glycerol,  2%  [vol/vol]  p-mercaptoethanol,  0.003% 
[wt/vol]  bromophenol  blue).  Proteins  were  separated  by  SDS-polyacrylamide  gel 
electrophoresis  (40)  and  electrophoretically  transferred  to  a  polyvinylidene  di¬ 
fluoride  membrane,  which  was  blocked  in  TEST  (50  mM  Tris-HCl  [pH  7.5],  200 
mM  NaCl,  0.1%  [vol/vol]  Tween  20)  containing  5%  (wt/vol)  both  nonfat  dry  milk 
and  bovine  serum  albumin.  In  these  assays,  Ad9  E4  ORFl  antiserum  (1:5,000  in 
TEST)  (32)  and  horseradish  peroxidase-conjugated  goat  anti-rabbit  immuno¬ 
globulin  G  (1:5,000  in  TEST;  Southern  Biotechnology  Associates)  were  used  as 
primary  and  secondary  antibodies,  respectively.  After  extensive  washing  with 
TEST,  the  membrane  was  developed  by  enhanced  chemiluminescence  (Pierce). 

Focus  assays.  Plasmid  DNA  purified  by  CsCl  density  gradient  centrifugation 
was  transfected  onto  50%  confluent  tertiary  REF  cultures  or  CREF  cells  on 
100-mm-diameter  dishes,  using  the  calcium  phosphate  precipitation  method  with 
a  glycerol  shock  (38).  At  72  h  posttransfection,  REF  and  CREF  cells  were 
passaged  1:3  and  maintained  in  culture  medium  containing  10  and  6%  filtered 
fetal  bovine  serum,  respectively.  Four  to  six  weeks  posttransfection,  cells  were 
fixed  in  methanol  and  stained  with  Giemsa  to  quantify  transformed  foci  (32). 

Mammary  tumorigenicity  of  viruses  in  rats.  Female  rats  with  1-  or  2-day-old 
litters  were  obtained  from  Harlan  Sprague-Dawley;  12  to  24  h  after  arrival, 
newborn  rats  were  injected  subcutaneously  with  0.4  ml  of  virus  solution  on  their 
anterior  flanks,  using  a  26-gauge  needle.  Beginning  2  months  postinfection, 
animals  were  examined  weekly  by  palpation  for  the  presence  of  tumors,  until  the 
experiment  was  terminated  at  8  months  postinfection.  At  this  time,  animals  were 
euthanized,  and  portions  of  tumors  were  removed  and  either  fixed  in  10% 
formalin  for  histological  examination  or  frozen  at  -80°C  for  isolation  of  DNA  or 
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TABLE  1.  Amino  acid  sequence  identities  between  subgroups  A  to  D  and  F  adenovirus  ElA,  ElB,  and  pIX  proteins" 


Virus 


ElA  13S 


ElB  19K 


ElB  55K 


pIX 


Adl2  Ad7  Ad5  Ad9  Ad40  Adl2  Ad7  Ad5  Ad9  Ad40  Adl2  Ad7  Ad5  Ad9  Ad40  Adl2  Ad7  Ad5  Ad9  Ad40 


Adl2  100  100  100  100 

Ad7  41.9  100  41.6  100  47.9  100  53.7  100 

Ad5  39.9  37.5  100  43.2  48.1  100  48.6  53.8  100  49.3  49.6  100 

Ad9  39.3  43.1  38.1  100  43.2  52.4  47.6  100  45.3  56.2  52.2  100  50.0  58.2  46.5  100 

Ad40  38.4  38.5  33.7  40.1  100  48.5  45.5  43.6  41.8  100  55.9  48.3  48.6  44.5  100  62.5  51.7  49.3  49.6  100 


identities  were  determined  with  the  full-length  sequence  of  each  polypeptide  by  using  the  ALIGN  program  (50).  Adl2,  subgroup  A;  Ad7,  subgroup  B; 
Ad5,  subgroup  C;  Ad9,  subgroup  D;  Ad40,  subgroup  F.  Boldface  values  indicate  amino  acid  sequence  comparisons  between  Ad9  El  region  polypeptides  and  other  El 
region  polypeptides;  values  in  italics  show  that  all  Ad9  El  region  polypeptides  are  most  closely  related  to  those  of  subgroup  B  virus  Ad7. 


protein.  Animals  were  cared  for  and  handled  according  to  institutional  guide¬ 
lines. 

Protein  sequence  alignments.  Sequences  of  Adl2,  Ad7,  Ad5,  and  Ad40  El 
region  polypeptides  were  obtained  from  GenBank.  Alignments  were  made  by 
using  the  Pairwise  Sequence  Alignment  program  (ALIGN)  of  the  BCM  Search 
Launcher  (50). 

Nucleotide  sequence  accession  number.  The  nucleotide  and  polypeptide  se¬ 
quences  reported  in  this  paper  were  submitted  to  GenBank  (accession  no. 
AF099665). 


RESULTS 

Gene  organization  and  predicted  polypeptides  of  the  Ad9  El 
region.  To  initiate  our  characterization  of  the  subgroup  D  Ad9 
El  region,  we  determined  the  sequence  of  the  left  4006  nt  of 
the  Ad9  genome.  From  this  analysis,  we  found  that  the  gene 
organization  of  the  Ad9  El  region  closely  resembles  that  of 
other  human  adenovirus  El  regions  (Fig.  lA)  (48).  In  addition, 
the  predicted  Ad9  13S  ElA,  19K  and  55K  ElB,  and  pIX 
proteins  displayed  significant  sequence  similarity  with  the  cor¬ 
responding  proteins  from  other  human  adenoviruses,  although 
they  were  most  closely  related  to  the  El  region  polypeptides  of 
subgroup  B  adenoviruses  (Table  1). 

Northern  blot  analyses  of  total  cellular  RNA  isolated  from 
Ad9-infected  A549  cells  were  also  performed  to  detect  Ad9 
ElA  and  ElB  mRNAs.  In  these  assays,  a  diffuse  ElA  mRNA 
band  migrating  at  approximately  1  kb  and  distinct  1.2-  and 
2.2-kb  ElB  mRNA  bands  were  observed  (Fig.  2),  The  size  of 
the  ElA  mRNA  band  was  consistent  with  that  predicted  for 
the  12S  and  13S  transcripts  (see  below),  and  the  two  ElB 
mRNAs  corresponded  well  with  the  sizes  predicted  for  13S  and 
22S  transcripts  (47). 

Because  ElA  but  not  ElB  mRNA  is  detected  in  Ad9-in- 
duced  rat  mammary  tumors  (29),  we  determined  the  structures 
of  Ad9  ElA  transcripts  by  using  reverse  transcription-PCR 
techniques  on  total  RNA  from  Ad9-infected  A549  cells.  Se¬ 
quencing  of  PCR  products  obtained  from  these  analyses  re¬ 
vealed  three  Ad9  ElA  splice-variant  transcripts  resembling 
13S,  12S,  and  lOS  mRNAs  from  other  human  adenoviruses 
(Fig.  lA)  (47).  Ad9  ElA  mRNA  having  a  size  consistent  with 
that  expected  for  the  lOS  mRNA  was  not  detected  by  Northern 
blot  analyses  (Fig.  2),  presumably  due  to  its  low  abundance  at 
early  times  after  infection.  The  13S,  12S,  and  lOS  Ad9  ElA 
cDNAs  are  predicted  to  encode  25 1-,  189-,  and  133-amino- 
acid-residue  polypeptides,  respectively  (Fig.  IB).  Between  con¬ 
served  regions  2  (CR2)  and  3  (CR3),  the  13S  ElA  protein  of 
subgroup  A  virus  Ad  12  possesses  an  alanine-rich  spacer  region 
which  is,  in  part,  responsible  for  the  highly  oncogenic  pheno¬ 
type  of  this  virus  (33, 53).  In  contrast,  the  Ad9  13S  ElA  protein 
was  found  to  contain  a  non-alanine-rich  spacer  region  similar 
to  the  one  present  in  13S  ElA  proteins  of  weakly  oncogenic 
subgroup  B  adenoviruses  (Fig.  IB). 

A  large  deletion  within  the  ElA  or  ElB  gene  abolishes  focus¬ 
forming  activity  by  the  Ad9  El  region.  To  investigate  the  trans¬ 


forming  potential  of  the  Ad9  El  region,  we  constructed  an  Ad9 
El  region  (0  to  12.5  m.u.)  plasmid,  pAd9El,  and  examined  its 
ability  to  induce  transformed  foci  on  low-passage-number  REF 
cultures.  Unlike  other  adenovirus  El  regions,  the  Ad9  El 
region  is  unable  to  transform  primary  REF  or  baby  rat  kidney 
cell  cultures  (28).  Consistent  with  these  previous  findings, 
pAd9El  alone  failed  to  generate  transformed  foci  on  REFs 
(Table  2).  Nevertheless,  whereas  an  activated  ras  plasmid 
alone  also  lacked  detectable  focus-forming  activity  on  REFs, 
pAd9El  and  the  activated  ras  plasmid  together  cooperated  to 
produce  transformed  foci  on  these  cells  (Table  2).  To  deter¬ 
mine  whether  Ad9  ElA  and  ElB  gene  functions  were  required 
for  this  cooperation,  we  introduced  a  large  deletion  into  each 
of  these  genes  within  p Ad9El .  A  segment  of  the  ElA  gene  cod¬ 
ing  for  the  initiation  codon,  conserved  region  1  (CRl),  CR2, 
and  half  of  CR3  (48)  was  removed  in  plasmid  pAd9El(AElA), 
and  ElB  gene  coding  sequences  downstream  of  E1B-19K 
amino  acid  residue  14,  as  well  as  the  first  208  amino  acid 
residues  of  the  495-residue  E1B-55K  protein,  were  removed  in 
plasmid  pAd9El(AElB)  (Fig.  3).  Each  deletion  would  be  an¬ 
ticipated  to  inactivate  the  transforming  potential  of  the  rele¬ 
vant  gene  (21,  22,  57).  When  cotransfected  with  the  activated 
ras  plasmid,  pAd9El(AElA)  failed  to  generate  any  foci  on 
REFs,  whereas  pAd9El(AElB)  retained  significant  focus¬ 
forming  activity,  albeit  at  a  reduced  efficiency  compared  to 
wild-type  pAd9El  (Table  2).  These  results  are  concordant  with 
previous  results  showing  that  activated  ras  cooperates  with  the 
Ad5  ElA  but  not  the  ElB  gene  (18).  Therefore,  our  findings 
provided  evidence  that  the  transforming  potential  of  the  ElA 
gene  is  inactivated  in  pAd9El(AElA);  however,  it  was  un- 
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FIG.  2.  Northern  blot  analyses  of  Ad9  ElA  and  ElB  mRNAs.  Total  RNA 
(23  ^.g),  isolated  from  Ad9-infected  (9  h  postinfection)  or  mock-infected  A549 
cells,  was  separated  on  a  formaldehyde  agarose  gel,  transferred  to  a  nitrocellu¬ 
lose  membrane,  and  hybridized  to  either  an  ElA  or  ElB  ^^P-labeled  DNA  probe. 
RNA  bands  were  visualized  by  autoradiography.  Locations  of  28S  and  18S  rRNAs 
are  indicated.  The  indicated  Ad9  mRNA  species  are  predicted  from  their  sizes. 
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TABLE  2.  Focus  formation  by  wild-type  and  mutant  Ad9 
El  region  plasmids  on  low-passage-number  REF 
cultures  and  the  CREF  cell  line" 


No.  of  transformed  foci/ 

2  100-mm-diam  dishes 

Plasmid(s) 

REF  cultures* 

CREF  cell  line^ 

- 

■ras 

■^ras 

Expt  1 

Expt  2 

Expt  1 

Expt  2 

Expt  1 

Expt  2 

pSP72 

0 

0 

0 

0 

0 

1 

pAd9El 

0 

0 

24 

53 

71 

116 

pAd9El(AElA) 

0 

0 

0 

0 

2 

3 

pAd9El(AElB) 

0 

0 

12 

14 

0 

0 

pAd9El(AElA)  + 
pAd9El(AEiB) 

ND^ 

ND 

ND 

ND 

36 

45 

50%  confluent  tertiary  REF  or  CREF  cells  on  100-mm-diameter  dishes  were 
transfected  with  the  indicated  plasmid(s).  At  72  h  posttransfection,  cells  were 
passaged  1:3  and  then  maintained  in  culture  medium.  REF  and  CREF  cells  were 
fixed  in  methanol  and  stained  with  Giemsa  at  4  and  6  weeks  posttransfection, 
respectively,  to  quantify  the  number  of  transformed  foci. 

*  15  fxg  of  the  indicated  Ad9  El  region  plasmid  plus  5  p,g  of  empty  pSP72 
(-ras)  or  5  pg  of  pSP72-ras  (-l-raj)  plasmid  (18)  were  transfected  into  REF  cells. 

^  10  pg  of  the  indicated  Ad9  El  region  plasmid  plus  10  pg  of  empty  pSP72 
plasmid  were  transfected  into  CREF  cells.  For  the  pAd9El(AElA)-plus- 
pAd9El(AElB)  cotransfection,  10  pg  of  each  plasmid  was  used. 

^  ND,  not  determined. 


clear  from  these  REF  assays  whether  the  deletion  in  pAd9El 
(AEIB)  similarly  affects  the  transforming  potential  of  the  ElB 
gene. 

In  an  attempt  to  reveal  more  striking  transforming  deficien¬ 
cies  for  pAd9El(AElB),  we  next  performed  focus  assays  in  the 
established  REF  cell  line  CREF  (19).  Contrary  to  results  ob¬ 
tained  in  REFs,  transfection  of  pAd9El  alone  into  CREF  cells 
led  to  the  formation  of  numerous  transformed  foci  (Table  2). 
The  fact  that  a  plasmid  containing  Ad9  sequences  from  0  to 
17.5  m.u.  exhibits  weaker  transforming  activity  in  CREF  cells 
(30)  may  indicate  that  Ad9  sequences  from  12.5  to  17.5  m.u. 
interfere  with  focus  formation  in  these  cells.  More  important, 
when  transfected  individually  into  CREF  cells,  both  pAd9El 
(AEIA)  and  pAd9El(AElB)  displayed  significantly  impaired 
focus-forming  activity  compared  to  wild-type  pAd9El  (Ta¬ 
ble  2).  Cotransfection  of  pAd9El(AElA)  and  pAd9El(AElB) 
into  CREF  cells,  however,  resulted  in  a  moderate  number  of 
transformed  foci,  revealing  cooperation  between  the  func¬ 
tional  El  A  and  ElB  genes  retained  collectively  in  the  two 
plasmids.  Taken  together,  the  results  obtained  for  low-passage- 
number  REFs  and  the  cell  line  CREF  showed  that  the  dele¬ 


tions  within  pAd9El(AElA)  and  pAd9El(AElB)  greatly  di¬ 
minish  the  transforming  activity  of  the  Ad9  El  A  and  ElB 
genes,  respectively. 

Isolation  of  Ad9  ElA  or  ElB  deletion  mutant  viruses.  The 

importance  of  the  Ad9  El  region  in  mammary  oncogenesis  was 
assessed  by  introducing  the  same  ElA  and  ElB  deletion  mu¬ 
tations  of  pAd9El(AElA)  and  pAd9El(AElB)  into  infectious 
Ad9  plasmids  for  recovery  of  mutant  viruses.  To  complement 
their  El  region  deficiencies,  we  transfected  each  of  the  mutant 
viral  DNAs  into  human  293  cells,  which  stably  express  Ad5  El 
region  proteins  (2,  23).  In  293  cells,  the  ElA  mutant  virus 
Ad9AElA  replicated  to  titers  comparable  to  those  of  wild-type 
Ad9,  whereas  the  ElB  mutant  virus  Ad9AElB  replicated  to 
titers  approximately  10-fold  lower.  Because  wild-type  Ad9  fails 
to  complement  the  replication  defects  of  the  Ad5  E1B-55K 
mutant  dl252  (28),  the  reduced  replication  of  Ad9AElB  con¬ 
versely  may  be  due  to  it  being  poorly  complemented  by  Ad5 
ElB  proteins  expressed  in  293  cells.  Restriction  enzyme  anal¬ 
yses  of  virion  DNA  verified  that  Ad9AElA  and  Ad9AElB 
contained  the  expected  deletions  and  further  showed  that 
these  viruses  had  not  acquired  Ad5  El  region  sequences  from 
the  293  cells  (Fig.  4). 

Ad9  ElA  and  ElB  mutant  viruses  retain  the  ability  to  elicit 
mammary  tumors  in  rats.  We  next  tested  the  ability  of  mutant 
viruses  Ad9AElA  and  Ad9AElB  to  generate  mammary  tu¬ 
mors  in  Wistar-Furth  rats.  In  accordance  with  our  previous 
results  (29,  30),  wild-type  Ad9  elicited  mammary  tumors  in  all 
of  the  female  rats  but  none  of  the  male  rats,  whereas  subgroup 
D  Ad26  failed  to  elicit  tumors  in  any  animals  (Table  3).  Sig¬ 
nificantly,  we  found  that  both  Ad9AElA  and  Ad9AElB  re¬ 
tained  the  ability  to  generate  mammary  tumors  in  female  rats, 
despite  the  fact  that  Ad9AElB-infected  animals  received  a 
ninefold-lower  dose  of  virus  than  did  animals  infected  with 
either  wild-type  Ad9  or  Ad9AElA  (Table  3).  The  tumorigenic 
phenotype  of  Ad9AElB  may  not  be  surprising,  considering 
that,  unlike  ElA  mRNA,  ElB  mRNA  is  not  detected  in  Ad9- 
induced  mammary  tumors  (29).  Furthermore,  although  mam¬ 
mary  tumors  elicited  by  all  of  the  viruses  were  histologically 
identical  (Table  4),  the  tumors  produced  by  Ad9AElA  were 
generally  smaller  than  those  induced  by  either  wild-type  Ad9 
or  Ad9AElB,  both  of  which  generated  tumors  of  similar  size 
(data  not  shown). 

Mutant  Ad9  virus-induced  tumors  do  not  contain  wild-type 
Ad9  El  region  sequences.  Because  retention  of  tumorigenicity 
by  both  Ad9AElA  and  Ad9AElB  was  unanticipated,  it  was 
important  to  demonstrate  that  the  mammary  tumors  caused 
by  these  viruses  do  not  contain  wild-type  Ad9  DNA.  For  this 
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FIG.  3.  Illustration  of  ElA  and  ElB  deletion  mutations  introduced  into  the  Ad9  El  region  of  plasmid  pAd9El.  Wild-type  Ad9  sequences  are  represented  by  a  black 
line;  deleted  sequences  are  represented  by  a  hatched  line.  The  restriction  enzyme  sites  used  to  generate  the  deletions  are  shown.  The  locations  of  ElA  CRl,  CR2,  and 
CR3  (22,  48)  are  also  indicated.  ITR,  inverted  terminal  repeat. 
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FIG.  4.  Smal  digestion  pattern  of  wild-type  and  ElA  and  ElB  mutant  Ad9 
virion  DNAs.  The  wild-type  Ad9  El  region -containing  Smal  DNA  band  migrat¬ 
ing  at  approximately  4  kb,  as  well  as  the  corresponding  faster-migrating  DNA 
bands  of  the  Ad9  ElA  mutant  virus  Ad9AElA  and  of  the  Ad9  ElB  mutant  virus 
Ad9AElB,  are  indicated  with  arrows.  A  1-kb  ladder  (Gibco-BRL)  was  used  as  a 
DNA  size  marker  (lane  1). 


analysis,  we  subjected  tumor  DNAs  to  a  two-step  nested  PCR 
procedure  (Fig.  5).  In  the  first  step,  DNAs  were  PCR  amplified 
with  ElA  primers  {a  plus  b)  or  ElB  primers  (c  plus  d)  flanking 
the  deleted  regions  (Fig.  5A).  From  these  reactions,  wild- type 
Ad9-induced  tumors  yielded  the  expected  1,001-bp  ElA  prod¬ 
uct  and  1,068-bp  ElB  product,  but  Ad9AElA-induced  tumors 
and  Ad9AElB-induced  tumors  yielded  only  the  expected  small¬ 
er  550-bp  ElA  product  and  180-bp  ElB  product,  respectively 
(Fig.  5B).  To  rule  out  the  possibility  of  low-level  contamination 
by  wild-type  Ad9  genomes  in  these  mutant  virus-induced  tu¬ 
mors,  we  next  used  a  nested  set  of  ElA  primers  {e  plus  b)  or 
ElB  primers  (c  plus/)  to  subject  the  DNA  products  of  the  first 
PCRs  described  above  to  a  second  PCR  (Fig.  5A).  Using  these 
nested  primers  in  control  PCRs,  we  were  able  to  amplify  the 
expected  762-bp  ElA  and  533-bp  ElB  products  directly  from 
the  DNA  of  a  wild-type  Ad9-induced  tumor  (Fig.  5C).  In  con¬ 
trast,  we  failed  to  amplify  any  such  wild-type  Ad9  DNA  prod- 


TABLE  3.  Tumorigenicities  of  wild-type  and  mutant 
Ad9  viruses  in  Wistar-Furth  rats'" 


Virus 

No.  of  rats  that  developed  tumors/ 
no.  infected  with  virus 

Females 

Males 

Ad9 

3/3 

0/2 

Ad9AElA 

8/8 

0/2 

Ad9AElB^ 

3/3 

0/3 

Ad26^ 

0/3 

0/3 

®  Two-  to  three-day-old  Wistar-Furth  rats  were  injected  subcutaneously  with 
7  X  10”^  PFU  of  virus.  Animals  were  monitored  by  palpation  for  tumor  devel¬ 
opment  over  an  8-month  period. 

^  Due  to  replication  deficiencies  of  virus  Ad9AElB  in  293  cells,  the  dose  used 
to  infect  rats  with  this  virus  (8  X  10*^  PFU)  was  approximately  ninefold  lower 
than  that  used  for  the  other  viruses. 

Ad26,  a  nononcogenic  subgroup  D  human  adenovirus  closely  related  to  Ad9 
(31),  served  as  a  negative  control  in  this  experiment. 


J.  Virol. 


TABLE  4.  Histologies  of  wild-type  and  mutant 
Ad9-induced  tumors'" 


Virus 

Tumor 

sample 

Histology 

Wild-type  Ad9 

1 

Fibroadenoma 

2 

Fibroadenoma 

3 

Fibroadenoma 

Ad9AElA 

1 

Fibroadenoma,  one  area  of  increased  cellularity 

2 

Focally  cellular  fibroadenoma 

3 

Fibroadenoma 

4 

Cellular  fibroadenoma,  focally  increased  mitoses, 
and  focal  phyllodes-like  tumor^ 

5 

Fibroadenoma 

6 

Fibroadenoma 

7 

Fibroadenoma 

8 

Fibroadenoma 

Ad9AElB 

1 

Fibroadenoma 

2 

Fibroadenoma 

3 

Fibroadenoma 

For  histological  examination,  tumor  samples  were  fixed  in  10%  formalin,  and 
sections  were  stained  with  hematoxylin  and  eosin. 

’’  A  section  of  this  tumor  contained  an  area  resembling  a  phyllodes-like  tumor, 
a  type  of  mammary  tumor  occasionally  observed  in  rats  infected  by  wild-type  Ad9 
(29). 


ucts  from  the  first  ElA  and  ElB  PCRs  of  mutant  virus-induced 
tumor  DNAs  (Fig.  5C).  These  results  indicated  that  wild-type 
Ad9  El  region  sequences  are  absent  from  the  mutant  virus- 
induced  mammary  tumors  and,  consequently,  that  Ad9AElA 
and  Ad9AElB  are  able  to  produce  mammary  tumors  in  rats. 

Mammaiy  tumors  contain  and  express  the  Ad9  E4  ORFl 
gene.  As  E4  ORFl  is  an  essential  viral  determinant  for  tumor- 
igenesis  by  Ad9  (32),  we  next  sought  to  confirm  that  Ad9  mu¬ 
tant  virus-induced  mammary  tumors  retain  this  gene  and  ex¬ 
press  the  protein.  By  PCR  amplification  or  immunoblot  analysis, 
we  detected  the  Ad9  E4  ORFl  gene  (Fig.  6A)  or  its  protein 
expression  (Fig.  6B),  respectively,  in  all  mammary  tumors,  in¬ 
cluding  those  elicited  by  viruses  Ad9AElA  and  Ad9AElB.  As 
smaller  tumors  had  arisen  in  Ad9AElA  virus-infected  ani¬ 
mals,  it  was  noteworthy  that  the  levels  of  Ad9  E4  ORFl 
protein  in  Ad9AElA-induced  tumors  were  lower  than  those 
in  both  wild-type  Ad9-induced  and  Ad9AElB-induced  tu¬ 
mors  (Fig.  6B). 

DISCUSSION 

In  this  study,  we  determined  the  nucleotide  sequence  of  the 
subgroup  D  Ad9  El  region  and  showed  that  its  gene  organi¬ 
zation  and  predicted  protein  products  are  highly  related  to 
those  of  El  regions  from  other  human  adenoviruses.  Addition¬ 
ally,  to  investigate  the  role  of  the  Ad9  El  region  in  Ad9-in- 
duced  mammary  oncogenesis,  we  engineered  the  same  ElA 
and  ElB  deletion  mutations  into  both  Ad9  El  region  plasmids 
and  Ad9  viruses.  We  found  that  while  ElA  and  ElB  mutant 
Ad9  El  region  plasmids  displayed  significantly  impaired  focus¬ 
forming  activity  in  vitro,  the  corresponding  ElA  and  ElB  mu¬ 
tant  Ad9  viruses  retained  the  ability  to  generate  mammary  tu¬ 
mors  in  rats.  These  results  indicate  that  although  the  Ad9  El 
region  alone  or  in  cooperation  with  activated  ras  exhibits  trans¬ 
forming  activity  in  vitro,  this  activity  is  not  required  for  mam- 
maiy  tumorigenesis  by  Ad9  in  vivo.  Similar  examples  in  which 
transformation  in  vitro  fails  to  predict  tumorigenicity  in  vivo 
are  also  known  for  other  viral  and  cellular  transforming  pro¬ 
teins  (6,  8,  35,  45,  48,  56). 

In  addition  to  showing  that  Ad9  El  region  transforming 
functions  are  dispensable  for  mammary  tumorigenesis  by  Ad9, 


VoL.  73,  1999 


Ad9  TUMORIGENESIS  DOES  NOT  REQUIRE  THE  El  REGION 


QQ 


our  results  further  argue  that  the  Ad9  E4  region-encoded 
ORFl  transforming  gene  represents  the  major  oncogenic  de¬ 
terminant  of  this  virus.  In  this  respect,  Ad9  represents  the  first 
example  of  an  oncogenic  adenovirus  for  which  the  El  region  is 
not  the  major  oncogenic  determinant.  The  fact  that  the  onco¬ 
genic  avian  adenovirus  CELO  lacks  genes  related  to  the  hu¬ 
man  adenovirus  El  A  and  ElB  oncogenes  (11)  further  suggests 
that  additional  examples  non-El  region  oncogenic  determi¬ 
nants  for  adenoviruses  will  be  found. 

Although  the  mechanism  by  which  Ad9  reaches  the  mam¬ 
mary  glands  of  rats  after  subcutaneous  inoculation  has  not 
been  established,  we  hypothesize  that  the  inoculated  Ad9  viri¬ 
ons  are  able  to  directly  infect  mammary  cells  to  cause  tumors 
in  the  animals.  This  idea  is  based  on  the  fact  that  rodent  cells 
are  generally  nonpermissive  for  replication  of  human  adeno¬ 
viruses  (48),  a  property  that  would  limit  spread  of  the  virus  by 
successive  rounds  of  viral  replication  in  tissues  of  rats.  More¬ 
over,  in  this  study,  we  found  that  Ad9  ElA  and  ElB  mutant 
viruses  (Ad9AElA  and  Ad9AElB,  respectively)  retained  the 
capacity  to  generate  mammary  tumors  in  these  animals.  Be¬ 
cause  ElA  and  ElB  genes  encode  eritical  functions  needed  for 
efficient  replication  of  adenoviruses  (48),  these  new  results 
with  ElA  and  ElB  mutant  viruses  provide  additional  support 
for  the  idea  that  viral  replication  in  rats  is  not  required  for  Ad9 
to  produce  mammary  tumors. 

Although  tumors  elicited  by  wild-type  and  El  region  mutant 


Ad9  viruses  in  this  study  were  found  to  be  histologically  iden¬ 
tical,  the  tumors  induced  by  the  ElA  mutant  Ad9  virus  were 
generally  smaller  than  those  generated  by  both  the  wild-type 
and  ElB  mutant  Ad9  viruses.  This  finding  suggests  that  ElA 
transforming  functions  may,  in  fact,  enhance  the  growth  of 
Ad9-induced  mammary  tumors.  Nevertheless,  it  must  also  be 
considered  that,  separate  from  its  transforming  functions,  ElA 
also  serves  an  important  role  in  the  viral  life  cycle  by  transcrip¬ 
tionally  activating  other  viral  gene  regions,  including  the  E4 
region  (7,  34,  42).  In  the  ElA  mutant  virus  Ad9AElA,  we 
introduced  a  large  deletion  extending  from  the  ElA  initiation 
codon  through  half  of  CR3,  a  mutation  which  in  addition  to 
abolishing  the  transforming  potential  of  ElA  would  also  be 
expected  to  block  transcriptional  activation  mediated  by  this 
gene.  With  regard  to  such  a  lack  of  El  A  transcriptional  activity 
in  virus  Ad9AElA,  it  may  be  relevant  that  mammary  tumors 
generated  by  this  virus  expressed  reduced  levels  of  the  E4 
ORFl  protein  (Fig.  6B).  This  finding  may  indicate  that  ElA 
plays  an  accessory  role  in  Ad9  mammary  tumorigenesis 
by  transcriptionally  activating  the  viral  E4  region  and,  there¬ 
by,  elevating  expression  of  the  Ad9  E4  ORFl  oncogenic  de¬ 
terminant.  Similar  indirect  roles  in  viral  oncogenesis  have 
been  ascribed  to  the  bovine  papillomavirus  type  1  E2  and 
the  Epstein-Barr  herpesvirus  EBNA2  transactivators,  which 
participate  in  tumor  formation  by  increasing  expression  of 
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FIG.  6.  (A)  PCR  amplification  of  the  Ad9  E4  ORFl  gene  from  tumor  DNAs. 
PCRs  were  performed  with  Ad9  E4  ORFl  primers  as  described  for  Fig.  5  except 
that  a  55°C  annealing  temperature  was  used.  Genomic  DNA  from  rat  3Y1  cells 
represented  a  negative  control  in  these  reactions.  (B)  Detection  of  Ad9  E4 
ORFl  protein  in  tumors.  Tumor  lysates  containing  3  mg  of  protein  were  sub¬ 
jected  to  immunoprecipitation  followed  by  immunoblot  analysis  using  Ad9  E4 
ORFl  polyclonal  antiserum.  Preimmune  serum  served  as  a  negative  control  for 
immunoprecipitations  (lane  2). 


the  transforming  genes  of  their  respective  viruses  (14, 16,  24, 
36,  43). 

In  addition  to  promoting  tumorigenesis,  the  oncoproteins  of 
DNA  tumor  viruses  may  also  contribute  to  determining  which 
particular  tissues  are  targeted  for  neoplasia.  Comparisons  of 
two  related  families  of  viruses,  the  papillomaviruses  (PVs)  and 
fibropapillomaviruses  (FPVs),  can  be  used  to  illustrate  this 
idea.  Although  members  of  both  families  of  viruses  encode 
three  different,  structurally  conserved  transforming  proteins, 
E5,  E6,  and  E7  (5,  10,  15,  27,  39,  46),  PVs  and  FPVs  target 
distinct  tissues  in  vivo,  with  PVs  causing  papillomas  in  epithe¬ 
lial  keratinocytes  and  FPVs  causing  fibropapillomas  in  dermal 
fibroblasts  (27).  It  has  been  established  that  E6  and  E7  repre¬ 
sent  the  major  transforming  proteins  of  PVs,  whereas  the  E5 
gene  product  is  the  major  transforming  protein  of  FPVs  (27). 
Such  observations  have  led  to  the  hypothesis  that  the  use  of 
functionally  different  oncogenic  determinants  contributes  to 
the  unique  tumorigenic  tissue  tropisms  of  PVs  and  FPVs  (27). 
Likewise,  Ad9  causes  estrogen-dependent  mammary  tumors, 
whereas  other  oncogenic  adenoviruses  induce  sarcomas  in  ro¬ 
dents.  Therefore,  one  intriguing  possibility  is  that  novel  mo¬ 
lecular  mechanisms  which  underly  the  transforming  activity  of 
Ad9  E4  ORFl  (41)  permit  Ad9  to  selectively  target  mammary 
cells  for  tumorigenesis. 
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Previous  studies  have  shown  that  the  oncogenic  HPV  E6 
proteins  form  a  complex  with  the  human  homologue  of 
the  Drosophila  tumour  suppressor  protein,  discs  large 
(Dig).  This  is  mediated  by  the  carboxy  terminus  of  the 
E6  proteins  and  involves  recognition  of  at  least  one  PDZ 
domain  of  Dig.  This  region  of  E6  is  not  conserved 
amongst  E6  proteins  from  the  low  risk  papillomavirus 
types  and,  hence,  binding  of  HPV  E6  proteins  to  Dig 
correlates  with  the  oncogenic  potential  of  these  viruses. 
We  have  performed  studies  to  investigate  the  conse¬ 
quences  of  the  interaction  between  E6  and  Dig. 
Mutational  analysis  of  both  the  HPV18  E6  and  Dig 
proteins  has  further  defined  the  regions  of  E6  and  Dig 
necessary  for  complex  formation.  Strikingly,  co-expres¬ 
sion  of  wild  type  HPV18  E6  with  Dig  in  vitro  or  in  vivo 
results  in  a  dramatic  decrease  in  the  amount  of  Dig 
protein,  whereas  mutants  of  E6  which  fail  to  complex 
with  Dig  have  minimal  effect  on  Dig  protein  levels.  The 
oncogenic  HPV16  E6  also  decreased  the  Dig  levels,  but 
this  was  not  observed  with  the  low  risk  HPVll  E6 
protein.  Moreover,  a  region  within  the  first  544  amino 
acids  of  Dig  containing  the  three  PDZ  domains  confers 
susceptibility  to  E6  mediated  degradation.  Finally, 
treatment  of  cells  with  a  proteasome  inhibitor  overrides 
the  capacity  of  E6  to  degrade  Dig.  These  results 
demonstrate  that  Dig  is  targeted  by  high  risk  HPV  E6 
proteins  for  proteasome  mediated  degradation. 

Keywords:  HPV  E6;  DLG;  proteasome;  transformation 


Introduction 

Certain  Human  Papillomaviruses  (HPVs),  such  as 
HPV  16  and  HPV  18,  are  closely  associated  with  the 
development  of  a  number  of  human  cancers  (zur 
Hausen  and  Schneider,  1987;  zur  Hausen,  1991).  The 
major  transforming  activity  of  these  viruses  is  encoded 
by  the  E6  and  E7  genes  (Vousden,  1994).  These 
proteins  contribute  to  the  oncogenic  process  by 
inactivating  key  cellular  proteins  involved  in  the 
control  of  cell  proliferation.  E7  was  demonstrated  to 
bind  and  inactivate  the  retinoblastoma  tumour 
suppressor  protein  (pRB)  (Dyson  et  al.,  1989;  Miinger 
et  ai,  1989),  as  well  as  the  related  pi 07  and  pi 30 
proteins  (Davies  et  aL,  1993).  The  principal  activity  of 
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the  tumour-associated  E6  proteins  is  the  ability  to  bind 
to  the  p53  tumour  suppressor  protein  and  stimulate  its 
rapid  degradation  via  the  ubiquitin  proteolytic  path¬ 
way  (Schelfner  et  al,  1990).  There  is  however,  a 
growing  list  of  evidence  indicating  that,  in  addition  to 
inactivating  p53,  E6  has  other  activities  which  may 
contribute  to  its  oncogenic  potential.  It  has  been  shown 
that  HPV  16  E6  interacts  with  the  focal  adhesion 
protein  paxillin,  resulting  in  a  disruption  of  the  actin 
cytoskeleton  (Tong  and  Howley,  1997).  The  E6 
oncoproteins  also  bind  to  the  calcium  binding  protein 
ERC55  (E6BP)  (Chen  et  ai,  1995),  and  it  has  been 
recently  reported  that  HPV  16  E6  stimulates  the 
ubiquitin-mediated  degradation  of  c-myc  and  Bak 
(Gross-Mesilaty  et  ai,  1998;  Thomas  and  Banks,  1998). 

Sequence  analysis  of  the  E6  proteins  derived  from 
high  risk  mucosotropic  HPVs  reveals  a  high  degree  of 
homology  in  their  C-terminal  domains.  This  highly 
conserved  region  of  E6  is  not  involved  in  the  ability  of 
E6  to  bind  and  promote  the  degradation  of  p53  (Crook 
et  ai,  1991;  Pirn  et  ai,  1994),  suggesting  that  other 
activities  important  for  cell  transformation  may  be 
regulated  by  this  region.  Recent  studies  have  shown 
that  this  conserved  C-terminal  motif  of  oncogenic  E6 
proteins  mediates  an  interaction  with  the  PDZ  domain- 
containing  protein  hDlg,  the  human  homologue  of  the 
Drosophila  tumour  suppressor,  discs  large  protein 
(DlgA)  (Woods  and  Bryant,  1991;  Lee  et  al,  1997; 
Kiyono  et  al,  1997).  In  fact,  this  E6  motif  (XTXV/L) 
is  remarkably  similar  to  the  C-terminal  peptide  domain 
XS/TXV  which  has  been  shown  previously  to  interact 
with  the  hydrophobic  groove  of  the  PDZ  sites  (Doyle 
et  al,  1996;  Songyang  et  al,  1997).  PDZ  domains 
(PSD-95/disc  large/ZO-1)  are  80-90  amino  acid  motifs 
present  in  several  proteins  of  distinct  origin  and 
function  as  specific  protein-recognition  modules 
(Ponting  and  Phillips,  1995;  Saras  and  Heldin,  1996; 
Kim,  1997).  They  can  target  cytoplasmic  proteins  to 
form  complexes  at  the  inner  surface  of  the  plasma 
membrane,  and  are  important  for  clustering  membrane 
proteins,  as  well  as  for  linking  signalling  molecules  in 
multiprotein  complexes  at  specialized  membrane  sites 
(Kim  et  al,  1995;  Marfatia  et  al,  1996;  Kim,  1997). 
hDlg-1  (homologous  to  the  rat  SAP97  and  hereafter 
termed  DLG)  belongs  to  the  family  of  proteins  termed 
MAGUKs  (membrane-associated  guanylate  kinase 
homologues)  (Lue  et  al,  1994;  Muller  et  al,  1995). 
These  proteins  share  amino-terminal  PDZ  domains,  an 
SH3  domain  and  a  carboxy-terminal  guanylate  kinase 
(GuK)  homology  domain.  MAGUKs  are  multi¬ 
functional  proteins  localized  at  the  membrane-cytoske- 
leton  interface  at  cell-cell  junctions,  where  they  have 
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Structural  as  well  as  signalling  roles  (Anderson,  1996). 
hDlg  is  expressed  in  a  variety  of  cell  types  including 
epithelia,  where  it  is  localized  at  regions  of  cell-cell 
contact  (Lue  er  al,  1994).  Interestingly,  mutations  in 
Drosophila  dig  causes  epithelial  cells  to  lose  polarity 
and  undergo  neoplastic  proliferation  (Woods  et  al, 
1996). 

Taking  into  account  the  activity  of  E6  with  respect 
to  p53,  we  initiated  a  series  of  studies  to  investigate  the 
effects  of  E6  upon  the  steady-state  levels  of  DLG.  We 
show  both  in  vitro  and  in  vivo  that  co-expression  of 
HPV  18  E6  with  DLG  results  in  a  dramatic  reduction 
in  the  levels  of  DLG  expression.  Mutational  analysis  of 
both  E6  and  DLG  shows  that  this  effect  correlates  with 
the  ability  of  E6  and  DLG  to  form  a  protein  complex. 
A  similar  activity  is  exerted  by  HPV  16  E6  but  not  by 
the  low  risk  HPVll  E6  and,  in  addition,  the  reduction 
in  DLG  levels  by  E6  can  be  reversed  by  proteasome 
inhibition.  These  results  demonstrate  that  oncogenic 
HPV  E6  proteins  target  DLG  for  proteasome  mediated 
degradation  both  in  vitro  and  in  vivo. 


Results 

The  Thrl56  residue  of  the  HPV  18  E6  protein  is 
important  for  binding  to  DLG  in  vitro 

Recent  reports  have  shown  the  binding  of  oncogenic 
E6  proteins  to  DLG,  a  PDZ  domain-containing 
protein  (Lee  et  al.^  1997;  Kiyono  et  al.,  1997).  These 
studies  highlighted  the  importance  of  the  highly 
conserved  C-terminus  of  the  E6  proteins  for  this 
interaction,  and  the  similarity  of  this  region  to 
previously  defined  PDZ  domain-binding  motifs 
(Doyle  et  aL,  1996;  Songyang  et  al.,  1997).  To  further 
analyse  the  E6-DLG  interaction,  we  first  investigated 
the  importance  of  E6  Thrl56  for  binding  DLG,  since 
this  residue  represents  a  potential  PKA  phosphoryla¬ 


tion  site  and  is  also  part  of  the  PDZ  domain-binding 
motif  (Figure  1).  We  constructed  two  different  HPV  18 
E6  mutants:  Thrl56Glu  and  Thrl56Val  and  tested 
them  for  the  ability  to  bind  DLG  in  vitro.  Wild  type 
and  mutant  E6  proteins  were  expressed  by  in  vitro 
translation  and  subjected  to  GST  pulldown  analyses  by 
incubation  with  GST-DLG  fusion  protein  (Lee  et  al., 
1997).  The  results  shown  in  Figure  2  demonstrate  that 
both  mutants  are  greatly  reduced  in  their  ability  to 
bind  DLG  compared  with  wild  type  HPV  18  E6.  As  an 
additional  control,  another  mutant,  Argl53Lys,  bear¬ 
ing  a  point  mutation  in  the  C-terminus  of  E6  upstream 
of  the  PDZ  domain-binding  motif,  was  also  included. 
As  can  be  seen,  the  Argl53Lys  mutant  binds  DLG  as 
efficiently  as  the  wild  type  protein.  These  results 
demonstrate  that  the  Thr  residue  at  position  156 
within  the  consensus  C  terminal  binding  motif  of  E6 
is  necessary  for  interaction  with  DLG.  This  is  in 
agreement  with  the  crystal  structure  of  the  PSD-95 
PDZ  domain-peptide  complex,  which  showed  that  the 
hydroxyl  oxygen  of  the  T/S  residue  in  the  PDZ  binding 
motif  of  the  peptide  is  directly  involved  in  the 
interaction  with  the  PDZ  domain  (Doyle  et  al.,  1996). 

HPV  18  E6  binds  to  all  three  PDZ  domains  of  DLG  in 
vitro 

Previous  studies  have  shown  that  HPV  16  E6  binds 
principally  to  the  second  PDZ  domain  of  DLG 
(Kiyono  et  al.,  1997).  Since  HPV  18  E6  has  been 
reported  to  bind  DLG  more  strongly  than  HPV  16  E6 
(Kiyono  et  al.,  1997;  R  Weiss  and  R  Javier,  personal 
observations),  we  were  interested  in  identifying  which 
DLG  PDZ  domains  were  necessary  for  complex 
formation  with  HPV  18  E6.  A  series  of  GST-DLG 
deletion  constructs  (Figure  3 A)  (Lee  et  al.,  1997)  were 
used  to  assess  HPV  18  E6  binding.  Similar  amounts  of 
each  DLG  fusion  protein  were  immobilized  on  PVDF 
membrane  and  then  incubated  with  purified  radiola- 


HPV18  AGHYRGQCHS  CCNRARQERL  QRRRETQV 
HPV45  AGQYRGQCNT  CCDQARQERL  RRERETC'.' 


HPV16  RGRWTGRCMS  CC . RSS  RTRRETCI, 

HPV31  GGRWTGRCIA  CW . R.  RPRTETCA” 

HPV33  SGRWAGRCAA  CW . R.  SRRRETJJ, 

HPV51  AGRWTGQCAN  CW . QRT  RQRNETOV 


HPVll 


CLHCWTTCMEDLLP 


PDZ  consensus  XT-v  v 

S 

Figure  1  Alignment  of  the  C-terminal  ends  of  E6  proteins  derived  from  HPV  types  associated  with  genital  infections.  HPV  18,  16, 
45,  31,  33  and  51  are  high  risk  HPVs  associated  with  cervical  cancer.  HPVll  is  a  low  risk  type  associated  with  benign  genital 
lesions.  The  alignment  was  performed  relative  to  the  last  cysteine  of  the  second  zinc-finger  of  the  E6  sequence.  The  conserved  PDZ 
consensus  binding  site  is  shown 
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belled  HPV18  E6  protein  probe.  The  binding  of  the 
HPV  18  E6  protein  to  the  DLG  fusion  proteins  was 
determined  by  autoradiography.  The  results  shown  in 
Figure  3B  demonstrate  that  HPV  1 8  E6  binds  equally 
well  to  each  of  the  three  PDZ  domains  of  DLG.  This 
binding  is  specific  since  the  HPV  18  E6  probe  did  not 
react  with  the  DLG  constructs  NT  and  SH3/GuK, 
which  lack  PDZ  domains.  This  is  in  contrast  to  the 
results  previously  obtained  with  HPV  16  E6  which  was 
found  to  bind  largely  to  DLG  PDZ2  (Kiyono  c/  a/., 
1997).  These  divergent  results  are  likely  to  explain  the 
apparent  stronger  affinity  of  HPV  18  E6  for  DLG 
compared  with  HPV  16  E6. 


Degradation  of  DLG  protein  by  HPV  18  E6  in  vitro 

A  major  activity  of  the  tumour-associated  E6  proteins 
is  the  ability  to  target  a  number  of  cellular  proteins  for 
ubiquitin  mediated  degradation  (Scheffner  et  ai,  1990; 
Gross-Mesilaty  et  ai,  1998;  Thomas  and  Banks,  1998; 
Kiihne  and  Banks,  1998).  Therefore,  we  were  interested 
in  determining  whether  HPV  18  E6  had  a  similar 
activity  with  respect  to  DLG.  To  examine  this,  we 
first  performed  an  in  vitro  degradation  assay.  DLG  and 
HP VI 8  E6  were  translated  in  vitro  with  rabbit 
reticulocyte  lysate,  and  subsequently,  were  mixed 
together  and  incubated  at  30°C  for  60  min.  The 
proteins  were  then  run  on  SDS-PAGE,  and  DLG 
protein  was  detected  by  autoradiography  (Figure  4A). 
The  results  show  a  reduced  level  of  DLG  protein 
following  incubation  with  wild  type  E6.  In  contrast,  no 
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Figure  2  Binding  of  HPV  18  E6  to  GST-DLG  in  vitro.  (A) 
Radiolabelled  in  vitro  translated  E6  proteins  were  incubated  with 
GST-DLG  or  GST  alone  as  a  control.  The  bound  E6  proteins 
were  assessed  by  autoradiography.  Wild  type  (WT)  and  the 
mutant  E6  proteins  tested  are  indicated,  and  amount  of  input 
protein  is  shown  on  the  left  of  the  gel.  (B)  Coomassie  Blue  stained 
gel  showing  equal  levels  of  fusion  protein  loading.  (C)  Sequence 
of  the  C  terminal  domain  of  the  wild  type  and  mutant  E6  proteins 
used  in  the  assay.  The  amino  acid  substitutions  are  shown  with 
respect  to  the  wild  type  HPV  18  E6  sequence  and  are  underlined 
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change  in  the  levels  of  DLG  is  seen  when  it  was 
incubated  either  with  the  E6  Thrl56Glu  mutant,  which 
cannot  bind  DLG,  or  with  control  water  primed 
reticulocyte  lysate.  For  comparison,  the  same  assay 
was  performed  with  p53  and,  as  can  be  seen  in  Figure 
4B,  both  the  wild  type  and  the  mutant  Thrl56Glu  E6 
proteins  similarly  reduced  the  level  of  p53.  Equivalent 
results  were  also  obtained  when  the  experiment  was 
performed  by  simultaneously  co-translating  the  E6  and 
DLG  proteins  and  then  monitoring  DLG  levels  by 
SDS-PAGE  and  autoradiography  (Figure  4C).  In  this 
experiment,  DLG  was  also  co-translated  in  the 
presence  of  HPV  16  E7  as  an  additional  negative 
control.  These  data  demonstrate  that  the  wild  type 
HPV18  E6  protein  specifically  stimulates  the  degrada¬ 
tion  of  DLG  in  reticulocyte  lysates  in  vitro  and  that 
this  activity  is  dependent  on  the  ability  of  E6  to 
interact  with  DLG. 


DLG  is  targeted  by  HP  VI 8  E6  for  degradation  in  vivo 

Having  shown  that  HPV  18  E6  could  induce  the 
degradation  of  DLG  in  vitro,  we  were  next  interested 
in  analysing  whether  this  would  take  place  in  vivo.  To 
test  this  possibility,  we  performed  a  series  of  in  vivo 
degradation  assays.  Human  293  cells  were  co¬ 
transfected  with  influenza  haemaglutinin  (HA)  epi¬ 
tope-tagged  DLG  (Kim  and  Sheng,  1996)  plus  either 
wild  type  or  the  Thrl56Glu  mutant  of  HPV  18  E6. 
After  24  h,  the  cells  were  harvested  and  the  levels  of 
DLG  were  ascertained  by  Western  blot  analysis  using 
an  anti-HA  monoclonal  antibody.  The  results  shown  in 
Figure  5A  (upper  panel)  indicate  that  the  levels  of 
DLG  were  greatly  reduced  in  the  presence  of  wild  type 
HPV  18  E6  but  were  unaffected  in  the  presence  of  the 
E6  Thrl56Glu  mutant.  Therefore,  HPV18  E6  targets 
DLG  for  degradation  in  vivo,  and  this  correlates  with 
the  ability  of  E6  to  bind  DLG  in  vitro.  To  investigate 
whether  E6  proteins  derived  from  other  genital  HPV 
types  could  promote  the  degradation  of  DLG,  we 
examined  the  HPV  1 6  E6  and  HPV  1 1  E6  proteins  in  the 
same  assay.  As  can  be  seen  in  Figure  5A  (upper  panel), 
HPV  16  E6  also  promotes  degradation  of  DLG,  albeit 
to  a  lesser  extent  than  HPV  18  E6,  whereas  no 
reduction  in  the  levels  of  DLG  was  observed  in  the 
presence  of  HPVll  E6.  HPV  16  E6  has  previously  been 
shown  to  bind  DLG  both  in  vivo  and  in  vitro;  in 
contrast,  HPVll  E6  lacks  the  consensus  PDZ  domain¬ 
binding  motif  and  cannot  bind  DLG  (Lee  et  al.,  1997; 
Kiyono  et  al.,  1997).  Thus,  high  risk  HPV  E6  proteins 
share  the  ability  to  target  DLG  for  degradation  in  vivo, 
but  low  risk  E6  proteins  which  fail  to  bind  DLG  do 
not. 

To  exclude  the  possibility  that  the  reduced  levels  of 
DLG  expression  obtained  in  vivo  in  the  presence  of  E6 
were  due  to  sequestration  within  insoluble  complexes 
rather  than  degradation,  we  analysed  the  levels  of  the 
DLG  protein  in  the  insoluble  fractions  of  cells  in  both 
the  presence  and  absence  of  HPV  E6.  The  results 
obtained  are  shown  in  Figure  5A  (lower  panel)  and 
demonstrate  that  in  the  insoluble  fractions,  the  levels  of 
DLG  are  reduced  in  the  presence  of  HPV  18  E6  and  to 
a  somewhat  lesser  extent  with  HPV  16  E6.  In  contrast 
there  is  no  decrease  in  the  levels  of  DLG  in  the 
presence  of  either  the  Thrl56Glu  mutant  or  HPVll 
E6.  This  result  confirms  that  E6  reduces  the  total 
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amount  of  DLG  within  the  cell,  and  that  the  reduced 
levels  of  DLG  observed  are  not  due  to  the  generation 


of  protein  complexes  which  fail  to  be  extracted  under 
the  conditions  of  these  assays. 
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Figure  3  HPV  18  E6  binds  to  all  three  individual  PDZ  domains  of  DLG  in  vitro.  (A)  Schematic  representation  of  the  full-length 
(FL)  and  truncated  DLG  proteins  used  in  the  binding  assays.  (B)  GST-DLG  fusion  proteins  were  transferred  to  a  PVDF 
membrane,  which  was  then  incubated  with  purihed  radiolabelled  HPV  1 8  E6  protein  (5  x  10^  c.p.m./ml),  and  washed  extensively. 
Bound  E6  was  detected  by  autoradiography.  Arrows  indicate  the  positions  of  truncated  GST-DLG  fusion  proteins  which  did  not 
bind  the  E6  protein  probe.  (C)  Coomassie  stain  of  the  PVDF  membrane  after  performing  the  binding  assay  showing  equal  levels 
of  fusion  protein  loading 
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In  order  to  exclude  the  possibility  that  differences  in 
the  ability  of  the  E6  proteins  to  target  DLG  for 
degradation  were  due  to  differences  in  levels  of  E6 
expression,  a  parallel  p53  in  vivo  degradation  assay 
was  also  performed.  Saos’2  cells  were  transfected  with 
a  p53  expression  plasmid  together  with  either  HPV18, 
HPV16,  HPVll  E6  or  the  Thrl56Glu  HPV18  E6 
mutant.  The  cells  were  harvested  after  24  h  and  the 
results  obtained  are  shown  in  Figure  5B.  As  can  be 
seen,  both  HPV  18  E6  and  HPV  16  E6  induce  complete 
degradation  of  the  p53  protein.  This  indicates  that  the 
differences  in  the  ability  of  these  two  E6  proteins  to 
degrade  DLG  most  likely  reflects  intrinsic  differences 
in  their  respective  abilities  to  target  DLG  for 
degradation  rather  than  differences  in  their  levels  of 
expression.  Likewise  the  Thrl56Glu  mutant  displays 
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almost  wild  type  levels  of  p53  degradation.  This 
confirms  in  a  functional  assay  that  this  mutant  E6 
protein  is  expressed  and,  in  addition,  that  this  region 
of  E6  is  not  involved  in  the  p53  interaction.  Finally,  a 
weak  reduction  in  p53  levels  was  obtained  following 
transfection  with  HPVll  E6.  This  is  in  agreement 
with  our  previous  observations  (Storey  et  aL,  1998) 
and  also  demonstrates  functional  expression  of  this 
protein. 

To  determine  which  regions  of  DLG  render  it 
susceptible  to  E6  mediated  degradation,  we  per¬ 
formed  in  vivo  degradation  assays  using  two 
truncated  derivatives  of  DLG:  DLG-NT3PDZ 
(amino  acids  1-544)  contains  the  N-terminus  and 
the  three  PDZ  domains  of  the  protein,  and  DLG- 
SH3GuK  (amino  acids  539-end)  contains  the  GuK 
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Figure  4  E6-mediated  degradation  of  DLG  in  vitro.  (A)  In  vitro 
translated  DLG  was  incubated  in  the  presence  of  in  vitro  translated 
wild  type  E6,  Thrl56GIu  E6  mutant  (E6GIu)  or  water-primed  lysate 
for  0  or  60  min  as  indicated.  The  amount  of  DLG  remaining  after 
the  incubations  was  assessed  by  SDS-PAGE  and  autoradiography. 
The  position  of  E6  and  DLG  is  indicated.  (B)  The  same  assay  was 
carried  out  with  p53  protein  as  a  positive  control.  The  amount  of 
p53  remaining  after  the  incubations  was  assessed  by  SDS-PAGE 
and  autoradiography.  The  position  of  E6  and  p53  is  indicated.  (C) 
DLG  protein  was  cotranslated  in  vitro  with  E6,  the  Thrl56Glu 
(E6Glu)  mutant  or  E7  for  90  min  at  30°C  as  indicated.  The  samples 
were  then  analysed  by  SDS-PAGE  and  autoradiography.  p53 
served  as  a  positive  control  and  the  left  hand  three  lanes  show  E6, 
E6Glu  and  E7  translated  alone.  Arrows  indicate  the  positions  of 
DLG,  p53,  E7  and  E6 
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Figure  6  In  vivo  degradation  comparing  full-length  DLG 
with  truncated  mutants.  The  in  vivo  degradation  assay  was 
performed  as  in  Figure  5.  All  transfections  contained  4  fig  of 
the  HA-tagged  DLG  expression  plasmid  and  4  pig  of  the 
indicated  E6  expression  plasmids.  The  HA-tagged  proteins 
used  are  also  indicated  (FL  indicating  full  length),  and  arrows 
show  the  position  of  the  wild  type  and  mutant  DLG  proteins. 
The  truncated  DLG  mutants  are  described  in  Figure  3 


Figure  5  E6  mediated  degradation  of  DLG  in  vivo.  (A)  293 
cells  were  transfected  with  4  pig  of  HA-tagged  DLG  expression 
plasmid,  in  the  absence  (DLG)  or  presence  of  4  pig  of  HPV  18 
E6  (18),  the  Thrl56Glu  (glu)  mutant,  HPV  16  E6  (16)  and 
HPVll  E6  (11).  After  24  h,  the  proteins  were  extracted 
(soluble  and  insoluble  fractions  as  indicated)  and  equal 
amounts  were  separated  by  SDS-PAGE.  The  levels  of  DLG 
were  ascertained  by  Western  blot  analysis  with  anti-HA 
monoclonal  antibody  (Boehringer-Mannheim).  (B)  A  parallel 
transfection  was  performed  in  Saos-2  cells  with  4  pig  of  p53 
expression  plasmid  in  the  absence  or  presence  of  4  pig  HPV  18 
E6  (18),  the  Thrl56Glu  (glu)  mutant,  HPV16E6  (16)  and 
HPVll  E6  (11).  After  24  h,  the  proteins  were  extracted  and 
equal  amounts  were  separated  by  SDS-PAGE.  The  levels  of 
p53  were  ascertained  by  Western  blot  analysis  with  a  pool  of 
anti-p53  monoclonal  antibodies 


and  SH3  motifs  but  lacks  the  PDZ  domains.  Both 
mutants  were  HA-tagged  and  the  degradation  assay 
was  performed  as  described  above.  The  results  shown 
in  Figure  6  demonstrate  that  the  levels  of  the  DLG- 
NT3PDZ  were  reduced  by  wild  type  E6  to  a  level 
similar  to  that  of  the  full  length  DLG  (DLG  FL) 
protein.  In  contrast,  the  levels  of  the  DLG-SH3GuK 
protein,  which  lacks  the  three  PDZ  domains,  were 
completely  unaffected  by  the  presence  of  the  HPV  18 
E6  protein.  These  results  demonstrate  that  the 
binding  of  E6  to  DLG  is  required  for  the 
degradation  of  DLG  in  vivo  and,  in  addition,  that 
the  sequences  necessary  and  sufficient  for  efficient 
degradation  of  DLG  by  HPV  18  E6  lie  within  the  first 
544  amino  acid  residues  of  the  protein,  encompassing 
the  three  PDZ  domains. 


C 


DLG  DLG 
DLG  +18E6  +18E6glu 
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Figure  7  HPV  18  E6  enhances  DLG  degradation  via  the 
proteasome.  An  in  vivo  degradation  assay  was  performed  as 
described  for  Figure  5.  Cells  were  transfected  with  DLG  alone 
(DLG)  or  together  with  either  HPV18E6  (18E6)  or  the 
Thrl56Glu  mutant  (18E6glu)  and  proteasome  inhibitor  was 
added  to  the  cells  2  h  before  harvesting  as  indicated  ( + ). 
Residual  DLG  was  ascertained  by  Western  blotting  with  the 
anti-HA  antibody 


HPV  18  E6  stimulates  the  degradation  of  DLG  via  the 
proteasome  pathway 

To  characterize  the  mechanism  by  which  HPV  18  E6 
promotes  degradation  of  DLG,  we  examined  the 
involvement  of  the  proteasome  proteolytic  pathway. 
An  in  vivo  degradation  assay  was  performed  as 
described  above,  but  the  transfected  cells  were  treated 
with  the  proteasome  inhibitor  (N-CBZ-LEU-LEU- 
LEU-AL)  for  2  h  before  protein  extraction.  The  levels 
of  DLG  were  ascertained  by  Western  blotting  and  the 
results  obtained  are  shown  in  Figure  7.  The  presence  of 
HPV  18  E6  again  results  in  a  dramatic  decrease  in  the 
levels  of  the  DLG  protein.  Interestingly,  addition  of 
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proteasome  inhibitor  results  in  a  partial  restoration  of 
DLG  protein  levels  in  the  presence  of  HPV18  E6, 
indicating  proteasome  involvement  in  the  E6  mediated 
degradation  of  DLG.  It  is  interesting  to  note  that  DLG 
levels  in  the  absence  of  E6  are  also  increased  in  the 
presence  of  the  proteasome  inhibitor  suggesting  that 
DLG  may  normally  be  regulated  via  the  proteasome. 

To  investigate  whether  DLG  protein  levels  are 
regulated  by  ubiquitination,  we  performed  a  series  of 
in  vivo  ubiquitination  assays.  Cells  were  transfected 
with  plasmids  expressing  full  length  DLG,  and  the 
two  truncated  derivatives  NT3PDZ  and  SH3GuK. 
After  24  h  cells  were  extracted  under  denaturing 
conditions  and  DLG  proteins  were  detected  by 
Western  blot  analysis.  The  results  obtained  are 
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shown  in  Figure  8A  and,  as  can  be  seen,  ladders 
increasing  as  multiples  of  8  kd,  characteristic  of 
ubiquitination,  were  detected  with  the  full  length 
DLG  and  with  the  NT3PDZ  derivative.  In  contrast, 
the  SH3GuK  derivative,  which  was  not  susceptible  to 
E6  mediated  degradation  did  not  exhibit  laddering. 

To  further  confirm  these  observations  and  to  show 
that  the  full  length  DLG  protein  was  indeed 
ubiquitinated  in  vivo,  cells  were  transfected  with  a 
‘six  Histidine’  tagged  DLG  expression  plasmid 
together  with  a  plasmid  expressing  HA  tagged 
ubiquitin.  After  24  h  cells  were  extracted  under 
denaturing  conditions  and  extracts  were  affinity 
purified  on  Ni'^'"  agarose  columns  as  described 
previously  (Kiihne  and  Banks,  1998).  Bound  ubiqui- 


A 


12  3  4 

kDa.: 


55  — 
45  — 

34  — 


HA-DLG 


—  p-Gal 


B 


1  2  3 

1  2  3 

kDa.: 

kDa.:  r 

205  — 

116  — 

205 -i  JHA-Ubi 

^97  _  i 

97  — 

ilMlZI 

85  — 

85  —  i 

66  — 

pi^iPPiHi 

66—  r 

55  — 

55  — 

45  — 

45  — 

34  — 

34  —  i 

Figure  8  DLG  is  ubiquitinated  in  vivo.  (A)  293  cells  were  transfected  with  HA-tagged  full  length  DLG  (lane  4)  the 
DLGNT3PDZ  derivative  (lane  3)  and  the  DLGSH3GuK  derivative  (lane  2)  or  control  expression  plasmid  (lane  1).  After  24  h 
cells  were  harvested  in  the  presence  of  2  M  Guanidinium  Hydrochloride  and  proteins  analysed  by  Western  blot  with  anti  HA- 
specific  monoclonal  antibodies  (upper  panel).  A  plasmid  expressing  )3-galactosidase  (pCDNA3-LacZ)  served  as  an  internal 
transfection  control  and  the  parallel  Western  blot  was  developed  with  anti  jff-galactosidase  antibodies  (lower  panel).  (B)  A 
plasmid  expressing  ‘six  Histidine’  tagged  DLG  (pCDNAHis-DLG)  was  expressed  in  the  presence  of  a  plasmid  expressing  HA 
tagged  ubiquitin  (pHA-Ubi)  in  293  cells.  The  DLG  protein  was  affinity  purified  on  Ni"^  agarose  under  denaturing  conditions. 
Western  blots  were  performed  with  anti  GST-DLG  antibody  (left  hand  panel)  or  anti  HA  antibody  (right  hand  panel).  The  lanes 
represent  cells  transfected  with  pHA-Ubi  (1),  pCDNAHis-DLG  and  pHA-Ubi  (2)  and  pCDNAHis-DLG,  pHA-Ubi  and 
pCDNA-18E6  (3).  The  positions  of  the  His-DLG  and  HA-ubi  ladders  are  indicated 
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tin  was  then  assessed  by  Western  blot  analysis  with 
the  anti  HA  monoclonal  antibody  and  the  results 
obtained  are  shown  in  Figure  8B.  As  can  be  seen,  in 
cells  expressing  either  DLG  alone,  or  in  the  presence 
of  HPV  18  E6,  specific  retention  of  high  molecular 
weight  ubiquitin  ladders  were  obtained.  These  results 
confirm  that  DLG  is  ubiquitinated  both  in  the 
absence  and  presence  of  HPV  18  E6  and  demon¬ 
strates  that  DLG  levels  are  regulated  in  the  cell  by 
ubiquitination. 


Discussion 

The  high  risk  HPV  E6  proteins  share  several  stretches 
of  homology  in  different  regions  of  the  protein  that 
define  specific  functional  domains.  The  C-terminus  is 
very  highly  conserved,  and  it  has  been  shown  to  be 
involved  in  the  binding  to  cellular  proteins  bearing 
PDZ  domains.  The  conserved  C-terminal  motif  of  E6 
also  contains  an  RXXT  consensus  sequence  for  the 
cyclic  AMP-dependent  protein  kinase  A  (PKA).  We 
have  shown  that  the  Thrl56  of  HPV18  E6  is  critical  for 
the  in  vitro  binding  to  DLG,  with  both  neutral  and 
acidic  charge  mutations  abolishing  binding.  Interest¬ 
ingly,  in  the  case  of  the  binding  of  the  K""  channel 
protein  Kir2.3  to  the  PDZ  domain-containing  protein 
PSD-95,  it  has  been  reported  that  the  Ser  residue  at  the 
C-terminus  of  Kir2.3  is  vital  for  the  interaction  (Cohen 
et  ai,  1996).  Moreover,  this  Ser  residue  on  Kir2.3  is 
also  a  substrate  for  PKA,  and  phosphorylation  was 
found  to  negatively  regulate  the  association  with  the 
PSD-95  protein.  Taken  together,  these  data  suggest 
that  potential  PKA  phosphorylation  of  E6  may  also 
negatively  regulate  E6  binding  to  DLG. 

HPV  E6  proteins  can  stimulate  the  ubiquitin- 
mediated  degradation  of  a  number  of  the  cellular 
proteins  to  which  they  bind.  A  number  of  these  cellular 
targets  are  tumour  suppressors,  and  it  has  been 
proposed  that  the  degradation  of  such  cellular  control 
proteins  is  responsible  for  the  oncogenic  activity  of  E6 
(Scheffner  et  aL,  1990;  Gross-Mesilaty  et  al.,  1998; 
Thomas  and  Banks,  1998;  Kiihne  and  Banks,  1998). 
We  show,  both  in  vitro  and  in  vivo,  that  the  recently 
reported  E6  target  protein,  DLG,  is  also  susceptible  to 
enhanced  degradation  in  the  presence  of  HPV  18  E6. 
The  Thrl56Glu  E6  mutant,  which  fails  to  bind  to 
DLG,  had  no  effect  on  the  stability  of  DLG  in  either 
assay,  indicating  that  E6’s  binding  to  DLG  is 
important  for  the  stimulation  of  degradation. 

We  then  extended  the  study  to  E6  proteins  derived 
from  other  genital  HPV  types.  The  degradation  assays 
showed  that  while  HPV  16  E6  could  reduce  DLG 
levels,  the  HPV  11  E6  protein  had  minimal  effect.  The 
C-terminal  motif  of  HPV  16  E6,  ETQL,  is  not 
identical  to  the  consensus  XTXV  PDZ  binding 
domains,  although  a  previous  report  has  shown  that 
HPV  16  E6  is  capable  of  binding  DLG  in  vitro  and  in 
vivo  (Kiyono  et  al.,  1997).  In  contrast,  the  C-terminus 
of  HPV  11  E6  lacks  any  homology  with  the  consensus 
PDZ  binding  site,  and  does  not  bind  to  DLG  in  vitro 
(Lee  et  al.,  1997).  It  has  also  been  shown  that  a 
mutant  of  HPV  16  E6  which  was  defective  in  DLG 
binding  was  also  defective  in  rat  cell  transformation 
assays  (Kiyono  et  al,  1997).  Taken  together,  these 
results  suggest  that  this  activity  of  E6  may  contribute 


to  the  process  of  transformation  and  carcinogenesis 
mediated  by  the  high  risk  HPVs. 

Previous  studies  have  shown  that  among  the  three 
PDZ  domains  of  DLG,  the  second  PDZ  domain  is 
essential  for  HPV16  E6  binding  (Kiyono  et  al,  1997). 
In  contrast,  we  have  shown  that  HPV  18  E6  binds 
efficiently  to  each  of  the  three  isolated  PDZ  domains  in 
vitro,  although  the  assays  used  are  not  identical  and 
this  may  account  for  some  of  the  differences.  However, 
the  data  suggest  that  the  HPV  16  and  HPV  18  E6 
proteins  bind  DLG  slightly  differently,  and  this  may  be 
a  reflection  of  differences  in  the  consensus  PDZ 
binding  domains  of  the  two  proteins.  The  in  vivo 
degradation  assays  would  also  tend  to  support  this 
conclusion  since  HPV  16  E6  is  consistently  weaker  than 
HPV  18  E6  in  its  ability  to  degrade  DLG.  It  will  now 
be  interesting  to  determine  whether  this  is  reflected  in 
differences  in  the  pathology  of  HPV  16  and  HPV  18, 
since  there  are  a  number  of  reports  which  indicate  a 
poorer  prognosis  for  individuals  with  cervical  tumours 
harbouring  HPV  18  DNA  rather  than  HPV  16  DNA 
(Burnett  et  al,  1992;  Franco,  1992;  Zhang  et  al,  1995). 

The  in  vivo  degradation  assays  performed  with  the 
deletion  derivatives  of  DLG  showed  that  the  amino 
terminus  and  the  three  PDZ  domains  are  sufficient  for 
degradation  by  E6.  In  contrast,  deletion  of  this  region 
renders  DLG  resistant  to  E6  mediated  degradation, 
and  demonstrates  that  the  region  of  DLG  which 
confers  susceptibility  to  E6  mediated  degradation  lies 
within  the  first  544  residues  of  the  protein. 

We  next  investigated  whether  the  reduction  in  DLG 
protein  levels  in  the  presence  of  E6  was  proteasome 
mediated.  The  results  demonstrated  that  the  treatment 
of  cells  with  a  specific  proteasome  inhibitor  partially 
stabilized  DLG  protein  in  the  presence  of  E6. 
Complete  protection  of  DLG  over  the  time  frame  of 
the  assay  was  never  attained.  Whether  this  is  a 
reflection  of  a  very  high  DLG  turnover,  low  levels  of 
DLG  translation  or  a  combination  of  the  two,  remains 
to  be  determined.  We  also  noted  that  DLG  levels 
increased  following  proteasome  inhibition  in  the 
absence  of  E6  protein,  indicating  that  DLG  may  be 
normally  regulated  via  the  proteasome.  This  was 
investigated  further  with  a  series  of  assays  designed 
to  determine  whether  DLG  was  indeed  ubiquitinated. 
In  the  absence  of  E6,  full  length  DLG  and  the 
NT3PDZ  derivative  were  found  to  form  high 
molecular  weight  complexes  indicative  of  ubiquitinyla- 
tion.  Strikingly,  the  SH3GuK  derivative  of  DLG  which 
was  not  susceptible  to  E6  mediated  degradation  did 
not  form  these  high  molecular  weight  complexes.  Using 
His  tagged  DLG  with  HA  tagged  ubiquitin  (Treier  et 
al,  1994)  it  was  further  possible  to  demonstrate  that 
DLG  is  modified  by  ubiquitin  both  in  the  absence  and 
presence  of  HPV18  E6  protein  in  vivo.  These  results 
enable  us  to  conclude  that  DLG  is  indeed  normally 
regulated  through  ubiquitination  which  implies  turn¬ 
over  via  the  proteasome. 

The  biological  significance  of  the  degradation  of 
DLG  by  E6  in  natural  infections  can  be  addressed  by 
considering  the  functions  of  DLG.  DLG  is  expressed  in 
epithelial  cells,  the  natural  host  cells  of  HPV  (Lue  et 
al,  1994).  Epithelia  form  sheets  of  polarized  cells,  with 
the  apical  and  basolateral  sides  separated  by  tight 
junctions  (Kim,  1997),  and  DLG  is  requried  for  the 
organization  of  these  junctional  complexes.  Tight 
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junctions  form  a  continuous  intercellular  contact  and 
their  absence  is  associated  with  defective  cell-cell 
adhesion,  a  loss  of  cell  polarity  and  unregulated 
proliferation  (Anderson,  1996;  Woods  et  al,  1996). 
Maintenance  of  cell  polarity  is  crucial  for  normal 
differentiation,  and  the  localization  of  polarity  signal¬ 
ling  receptors  to  the  basolateral  membrane  is 
apparently  mediated  by  PDZ  proteins  (Woods  and 
Bryant,  1993).  Reducing  the  levels  of  DLG  may 
contribute  to  a  disorganization  of  these  tightly 
controlled  signal  transduction  pathways.  This  could 
lead  to  a  loss  of  control  of  cell  proliferation  or  to  an 
alteration  in  the  proper  pattern  of  keratinocyte 
differentiation.  Significantly,  the  well-characterized 
Dlg-A  of  Drosophila  was  shown  to  form  part  of  a 
developmental  pathway  essential  for  blocking  cell 
proliferation,  invasion  and  migration  in  a  defined 
pattern.  In  addition,  it  was  found  that  invasive  cells 
bearing  certain  Dlg-A  mutations  resemble  malignant 
cells  in  several  ways,  including  migratory  ability 
(Goode  and  Perrimon,  1997).  The  fact  that  high  risk 
HPV  E6  proteins  are  able  to  modulate  DLG 
abundance  may  also  contribute  to  the  invasiveness  of 
cancerous  cells  infected  by  these  viruses. 

In  summary,  degradation  of  DLG  would  be 
expected  to  induce  alterations  in  DLG  dependent 
signal  transduction  pathways,  leading  to  changes  in 
cytoskeletal  organization  and  cellular  migration.  These 
alterations  could  contribute  to  the  transformed, 
undifferentiated  phenotype  of  cells  expressing  high 
risk  HPV  E6  proteins. 


Materials  and  methods 

Plasmids 

The  E6,  E7  and  p53  proteins  were  cloned  under  the  control 
of  the  CMV  promoter  into  the  pCDNA-3  expression 
plasmid.  The  E6  mutants  were  constructed  using  PCR 
directed  mutagenesis.  HA-tagged  SAP97  expression  plasmid 
was  kindly  provided  by  Kyung-Ok  Cho  and  the  His  tagged 
derivative  was  obtained  by  subcloning  SAP97  in  frame  into  a 
‘six  His’  containing  pCDNA-3  expression  plasmid.  Deleted 
derivatives  of  SAP97  were  expressed  from  the  CMV 
promoter  in  the  GWl  plasmid  (Kim  and  Sheng,  1996). 
pGEX-2T-SAP97  was  described  previously  (Lee  et  al,  1997) 
as  was  the  HA-tagged  ubiquitin  expression  plasmid  (Treier  et 
al,  1994). 
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In  vivo  ubiquitination  assays 

Cells  were  transfected  with  His  tagged  DLG  together  with  a 
plasmid  expressing  HA-tagged  ubiquitin.  After  24  h  extracts 
were  prepared  as  described  previously  (Kiihne  and  Banks, 
1998)  and  affinity  purified  on  Ni'"'^  agarose  columns.  Bound 
ubiquitin  was  detected  by  Western  blot  analysis  with  anti  HA 
monoclonal  antibodies. 
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A  general  theme  that  has  emerged  from  studies  of  DNA  tumor  viruses  is  that  otherwise  unrelated  oncop¬ 
roteins  encoded  by  these  viruses  often  target  the  same  important  cellular  factors.  Major  oncogenic  determi¬ 
nants  for  human  adenovirus  type  9  (Ad9)  and  high-risk  human  papillomaviruses  (HPV)  are  the  E4-ORF1  and 
E6  oncoproteins,  respectively,  and  although  otherwise  unrelated,  both  of  these  viral  proteins  possess  a 
functional  PDZ  domain-binding  motif  that  is  essential  for  their  transforming  activity  and  for  binding  to  the 
PDZ  domain-containing  and  putative  tumor  suppressor  protein  DLG.  We  report  here  that  the  PDZ  domain¬ 
binding  motifs  of  Ad9  E4-ORF1  and  high-risk  HPV- 18  E6  also  mediate  binding  to  the  widely  expressed  cellular 
factor  MUPPl,  a  lai^e  multi-PDZ  domain  protein  predicted  to  function  as  an  adapter  in  signal  transduction. 
With  regard  to  the  consequences  of  these  interactions  in  cells,  we  showed  that  Ad9  E4-ORF1  aberrantly 
sequesters  MUPPl  within  the  cytoplasm  of  cells  whereas  HPV-18  E6  targets  this  cellular  protein  for  degra¬ 
dation.  These  effects  were  specific  because  mutant  viral  proteins  unable  to  bind  MUPPl  lack  these  activities. 
From  these  results,  we  propose  that  the  multi-PDZ  domain  protein  MUPPl  is  involved  in  negatively  regulating 
cellular  proliferation  and  that  the  transforming  activities  of  two  different  viral  oncoproteins  depend,  in  part, 
on  their  ability  to  inactivate  this  cellular  factor. 


Human  adenovirus  type  9  (Ad9)  is  a  unique  oncogenic  virus 
that  generates  estrogen-dependent  mammary  tumors  in  rats 
(22).  Whereas  the  viral  El  A  and  ElB  oncoproteins  are  respon¬ 
sible  for  tumorigenesis  by  most  human  adenoviruses  (44),  the 
primary  oncogenic  determinant  for  Ad9  is  its  E4-ORF1 
(90RF1)  transforming  protein  (21,  23,  52,  59).  Mutational 
analyses  of  the  125-amino-acid  (aa)  90RF1  protein  implicate 
three  separate  regions  (regions  I,  II,  and  III)  as  being  critical 
for  transformation  (56).  Although  the  activities  associated  with 
regions  I  and  II  have  not  been  determined,  region  III  at  the 
extreme  carboxyl  terminus  of  90RF1  mediates  interactions 
with  multiple  cellular  polypeptides  (p220,  pl80,  pi 60,  pl55, 
and  pl40/pl30)  (57).  This  carboxyl-terminal  90RF1  domain 
was  recently  discovered  to  define  a  functional  PDZ  domain¬ 
binding  motif  (28)  and,  consistent  with  this  finding,  90RF1- 
associated  protein  pl40/130  was  identified  as  the  cellular  PDZ 
protein  DLG  (28),  a  mammalian  homolog  of  the  Drosophila 
discs  large  tumor  suppressor  protein  dlg-A  (29,  33). 

In  humans,  infections  with  human  T-cell  leukemia  virus  type 
1  and  high-risk  human  papillomaviruses  (HPV)  are  associated 
with  the  development  of  adult  T-cell  leukemia  and  cervical 
carcinoma,  respectively  (5,  43).  Finding  a  functional  PDZ  do¬ 
main-binding  motif  at  the  carboxyl  terminus  of  90RF1  subse¬ 
quently  led  us  to  discover  that  human  T-cell  leukemia  virus 
type  1  Tax  and  high-risk  but  not  low-risk  HPV  E6  oncoproteins 
possess  similar  binding  motifs  at  their  carboxyl  termini  and,  in 
addition,  bind  DLG  (28).  Although  it  is  well  established  that 
transformation  by  high-risk  HPV  E6  proteins  depends  in  part 
on  an  ability  to  target  the  tumor  suppressor  protein  p53  for 
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degradation  (42),  other  E6  functions  are  also  known  to  be 
important  (27,  38,  47).  In  this  regard,  high-risk  HPV- 16  E6 
mutant  proteins  having  a  disrupted  PDZ  domain-binding  motif 
lose  the  capacity  to  oncogenically  transform  rat  3 Y 1  fibroblasts 
(26).  Moreover,  we  recently  showed  that  high-risk  HPV  E6 
proteins  target  the  PDZ  protein  DLG  for  degradation  in  cells 
(11).  Therefore,  a  common  ability  of  several  different  human 
virus  oncoproteins  to  complex  with  cellular  PDZ  domain  pro¬ 
teins  probably  contributes  to  their  transforming  potentials. 

PDZ  domains  are  approximately  80- aa  modular  units  that 
mediate  protein-protein  interactions  (6,  7).  PDZ  domain-con¬ 
taining  proteins  represent  a  diverse  family  of  polypeptides  that 
contain  single  or  multiple  PDZ  domains,  other  types  of  pro¬ 
tein-protein  interaction  modules  including  SH3,  WW,  PTB  or 
pleckstrin  homology  domains,  and  protein  kinase  or  phospha¬ 
tase  domains  (35,  40).  Consistent  with  such  domain  structures, 
many  PDZ  proteins  play  a  role  in  signal  transduction.  In  this 
capacity,  these  cellular  factors  serve  to  localize  receptors  and 
cytosolic  signaling  proteins  to  specialized  membrane  sites  in 
cells  and,  in  addition,  to  act  as  scaffolding  proteins  to  organize 
these  cellular  targets  into  large  supramolecular  complexes  (6, 
8,  37).  The  PDZ  domains  of  these  cellular  factors  typically 
recognize  specific  peptide  sequence  motifs  located  at  the  ex¬ 
treme  carboxyl  termini  of  their  target  proteins  (48),  although 
PDZ  domains  can  also  mediate  other  types  of  protein  interac¬ 
tions  (3,  30,  63).  To  date,  three  different  types  of  carboxyl- 
terminal  PDZ  domain-binding  motifs  have  been  identified  (31, 
48,  50),  and  at  their  extreme  carboxyl-termini,  the  Ad  90RF1, 
HTLV-1  Tax,  and  high-risk  HPV  E6  oncoproteins  possess  a 
type  I  binding  motif  with  the  consensus  sequence  -(S/T)-X-(V/ 
I/L)-COOH  (where  X  is  any  residue)  (28). 

Although  our  findings  (28,  56,  57)  and  those  of  others  (26) 
suggest  that  DLG  is  an  important  cellular  target  for  transfor¬ 
mation  by  both  human  Ad  E4-ORF1  and  high-risk  HPV  E6 
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oncoproteins,  our  previous  results  with  the  90RF1  protein  also 
argue  for  the  existence  of  additional  important  cellular  PDZ 
protein  targets.  Specifically,  disruption  of  the  90RF1  PDZ 
domain-binding  motif  abolishes  the  interaction  of  90RF1  with 
DLG,  as  well  as  with  several  other  unidentified  cellular  pro¬ 
teins  (p220,  pl80,  pl60,  and  pl55)  (57).  Consistent  with  this 
observation,  we  now  report  that  the  90RFl-associated  protein 
p220  is  the  multi-PDZ  domain  protein  MUPPl  (55)  and  that 
90RF1  abnormally  sequesters  this  cellular  factor  within  the 
cytoplasm  of  cells.  We  further  show  that  the  high-risk  HPV-18 
E6  (18E6)  oncoprotein  likewise  complexes  with  MUPPl  but 
instead  targets  this  cellular  factor  for  degradation  in  cells. 
These  findings  suggest  that  the  transforming  potentials  of  the 
human  Ad  E4-ORF1  and  18E6  proteins  depend  on  their  ability 
to  block  the  function  of  MUPPl,  a  large  multi-PDZ  domain 
protein  predicted  to  function  as  a  scaffolding  factor  in  cell 
signaling. 


MATERIALS  AND  METHODS 

Cells.  NIH  3T3  (20),  CREF  (9),  COST  (13),  TE85  (32),  and  293  (14)  cell  lines, 
as  well  as  the  Ad9-induced  rat  mammary  tumor  cell  line  20-8,  were  maintained 
in  culture  medium  (Dulbecco’s  modified  Eagle’s  medium  supplemented  with 
10%  fetal  bovine  serum)  under  a  5%  CO2  atmosphere  in  a  humidified  incubator 
at  37°C.  CREF  cell  pools  (group  16)  stably  expressing  wild-type  or  mutant 
90RF1  protein  (56)  and  a  CREF  cell  pool  stably  expressing  an  influenza  virus 
hemagglutinin  (HA)  epitope-tagged  90RF1  protein  (58)  were  maintained  in 
culture  medium  supplemented  with  G418  (Gibco  BRL). 

Plasmids.  The  partial  murine  9BP-1  cDNA  (28)  encoding  the  carboxyl-termi¬ 
nal  526  aa  of  9BP-1  was  inserted  between  the  BamYW  and  Hindlll  sites  of 
plasmid  pQE9  (Qiagen)  to  make  plasmid  pQE9-9BPl-CT526.  The  full-length  rat 
MUPPl  cDNA  from  pBSK-MUPPl  (55)  was  introduced  between  either  the 
and  EcoRW  sites  of  plasmid  pSL301  (Invitrogen)  or  the  Hindlll  and  EcoRl 
sites  of  cytomegalovirus  expression  plasmid  GWl  (British  Biotechnology)  to 
create  plasmid  pSL301-MUPPl  or  GWl-MUPPl,  respectively.  Plasmid  GWl- 
HAMUPPl  was  derived  from  GWl-MUPPl  by  introducing  an  FLA  epitope 
tag  at  the  amino  terminus  of  MUPPl  by  PCR  methods.  Plasmids  GWl- 
HAMUPP1APDZ7,  GWI-HAMUPPIAPDZIO,  and  GW1-HAMUPP1APDZ7/10 
were  derived  from  GWl-HAMUPPl  by  deletion  of  MUPPl  sequences  coding 
for  either  PDZ7  (aa  1166  to  1232)  or  PDZIO  (aa  1616  to  1656)  or  both  of  these 
PDZ  domains,  respectively,  by  PCR  methods. 

Plasmids  GWl-90RFlwt,  GW1-90RF1IIIA,  GW1-90RF1II1C,  GWl- 
90RF1IIID,  and  GW1-18E6  contain  the  respective  wild-type  or  mutant  90RF1 
(56)  or  wild-type  18E6  gene  inserted  between  the  Hindlll  and  £coRI  sites  of 
plasmid  GWl.  The  wild-type  18E6  cDNA  was  also  introduced  between  the 
Hindlll  and  EcoRI  sites  of  plasmid  pSP64  (Promega)  to  make  plasmid  pSP64- 
18E6.  Substitution  of  18E6  valine  residue  158  with  alanine  (18E6-V158A)  or  of 
threonine  and  valine  residues  156  and  158  with  aspartic  acid  and  alanine  (18E6- 
T156DA^158A),  as  well  as  introduction  of  an  FLA  epitope  tag  at  the  amino 
termini  of  18E6,  HPV-11  E6  (11E6),  rat  DLG  (33),  and  human  ZO-1  (61) 
proteins,  was  accomplished  by  PCR  methods.  Altered  E6  and  DLG  cDNAs  were 
introduced  between  the  Hindlll  and  £coRI  sites  of  plasmid  GWl  to  make 
plasmids  GW1-HA18E6,  GW1-HA18E6-V158A,  GW1-HA18E6-T156D/ 

V158A,  GW1-HA11E6,  and  GWl-HADLG,  whereas  the  HAZO-1  cDNA  was 
inserted  between  the  ^nl  and  BgUl  sites  of  plasmid  GWl  to  make  plasmid 
GWl-FlAZO-1.  Plasmids  pcDNA3-DLG  and  pSP64-p53  were  described  previ¬ 
ously  (11,  36). 

For  the  construction  of  glutathione  5-transferase  (GST)  fusion  protein  expres¬ 
sion  plasmids,  cDNA  sequences  coding  for  9BP1-US9/10  (aa  179  to  251), 
MUPPl-NT  (aa  1  to  123),  MUPPl-PDZl-3  (aa  118  to  504),  MUPP1-PDZ4-5 
(aa  489  to  785),  MUPP1-US5/6  (aa  780  to  990),  MUPP1-PDZ6  (aa  985  to  1110), 
MUPP1-PDZ7  (aa  1105  to  1312),  MUPP1-PDZ8-9  (aa  1307  to  1611),  MUPPl- 
PDZIO  (aa  1606  to  1706),  MUPPl-PDZll  (aa  1701  to  1830),  MUPPl- 
PDZ12-13  (aa  1825  to  2054),  18E6-V158A,  and  18E6-T156DA^158A  were  PCR 
amplified  and  introduced  in  frame  with  the  GST  gene  of  plasmid  pGEX-2T  or 
pGEX-4T-l  (Pharmacia).  pGEX-2T  plasmids  containing  wild-type  or  mutant 
E4-ORF1  genes  have  been  described  previously  (57).  pGEX-2T  plasmids  con¬ 
taining  wild-type  18E6  and  11E6  cDNAs  were  kindly  provided  by  P.  Howley. 

PCR  amplifications  were  performed  with  pfu  polymerase  (Stratagene),  and 
plasmids  were  verified  by  restriction  enzyme  and  limited  sequence  analyses. 

Lambda  phage  cDNA  library  screening.  A  DNA  fragment  from  the  9BP-1 
cDNA  (nucleotides  134  to  544)  (28)  was  radiolabeled  by  the  random-priming 
method  (51)  and  used  to  screen  a  mouse  pancreatic  cell  kgtll  cDNA  library, 
kindly  provided  by  S.  Tsai,  by  standard  methods  (49). 

Antisera  and  antibodies.  The  Hisg-tagged  9BP1-CT526,  GST-9BP1-US9/10, 
and  GST-MUPP1-US5/6  fusion  proteins  were  expressed  in  bacteria  and  purified 
with  either  Ni-nitrilotriacetic  acid  agarose  (Qiagen)  or  glutathione  beads  (Phar¬ 


macia)  (46),  as  recommended  by  the  manufacturers.  Rabbits  were  immunized 
with  purified  9BP1-CT526  or  MUPP1-US5/6  fusion  proteins  to  generate  poly¬ 
clonal  antisera  by  standard  methods  (17).  The  purified  GST-9BP1-US9/10  fusion 
protein  was  covalently  linked  to  Affi-Gel  10  beads  (Bio-Rad)  and  used  to  affinity 
purify  9BP-1  antibodies  by  standard  methods  (17).  Commercially  available  HA 
(12CA5)  monoclonal  antibodies  (BABCO),  horseradish  peroxidase-conjugated 
goat  anti-rabbit  immunoglobulin  G  (IgG)  or  goat  anti-mouse  IgG  antibodies 
(Southern  Biotechnology  Associates),  fluorescein  isothiocyanate-conjugated 
goat  anti-rabbit  IgG  (Gibco  BRL),  and  Texas  red-conjugated  goat  anti-mouse 
IgG  antibodies  (Molecular  Probes,  Eugene,  Oreg.)  were  utilized.  p53,  DLG,  and 
90RF1  antisera  were  described  previously  (1,  11,  23). 

Transfections  and  cell  extracts.  COS7  cells  were  transfected  with  Lipofectin  or 
Lipofectamine  (Gibco  BRL)  as  recommended  by  the  manufacturer  and  har¬ 
vested  48  h  posttransfection.  For  preparation  of  cell  extracts,  cells  were  washed 
with  ice-cold  phosphate-buffered  saline  (4.3  mM  Na2HP04,  1.4  mM  KH2PO4, 
137  mM  NaCl,  2.7  mM  KCl)  and  either  lysed  in  sample  buffer  (0.065  M  Tris-HCl 
[pH  6.8],  2%  [wt/vol]  sodium  dodecyl  sulfate  (SDS),  10%  [vol/vol]  p-mercapto- 
ethanol,  0.005%  bromophenol  blue)  and  boiled  immediately  or  lysed  for  10  min 
on  ice  in  RIPA  buffer  (50  mM  Tris-HCl  [pH  8.0],  150  mM  NaCl,  1%  [vol/vol] 
Nonidet  P-40, 0.5%  [wt/vol]  sodium  deoxycholate,  0.1%  [wt/vol]  SDS)  containing 
protease  inhibitors  (300  pg  of  phenylmethylsulfonyl  fluoride  per  ml,  6  pg  each  of 
aprotinin  and  leupeptin  per  ml)  and  phosphatase  inhibitors  (50  mM  NaF,  0.1 
mM  Na3V04)  and  cleared  by  centrifugation  (14,000  x  g  for  20  min  at  4°C). 
Protein  concentrations  of  cell  extracts  were  determined  by  the  Bradford  method 
(45).  For  crude  cell  fractionation  assays,  the  pellet  recovered  after  centrifugation 
of  RIPA  buffer-lysed  cells  was  solubilized  in  sample  buffer  using  an  equivalent 
volume  to  that  originally  used  to  lyse  the  cells  in  RIPA  buffer. 

GST  pulldown,  immunoprecipitation,  and  immunoblot  assays.  For  both  GST 
pulldown  and  immunoprecipitation  assays,  glutathione-  or  protein  A-Sepharose 
beads  (Pharmacia)  bound  to  GST  fusion  proteins  or  antibodies,  respectively, 
were  incubated  with  cell  extracts  in  RIPA  buffer  (3  h  at  4°C),  washed  extensively 
with  RIPA  buffer,  and  boiled  in  sample  buffer.  Recovered  proteins  were  sepa¬ 
rated  by  SDS-polyacrylamide  gel  electrophoresis  (PAGE).  For  each  GST  pull¬ 
down  reaction,  5  juig  of  each  GST  fusion  protein  was  used  and  verified  in  each 
experiment  by  staining  relevant  portions  of  the  protein  gel  with  Coomassie 
brilliant  blue  dye.  Each  immunoprecipitation  reaction  was  carried  out  with  1  or 
12  jjLg  of  p53  or  HA  antibodies,  respectively,  1  julI  of  DLG  antiserum,  or  5  |xl  of 
either  90RF1,  9BP-1,  or  MUPPl  antiserum  or  the  corresponding  matched 
preimmune  serum. 

For  immunoblot  assays,  proteins  separated  by  SDS-PAGE  were  electrotrans- 
ferred  to  a  polyvinylidene  difluoride  membrane,  which  was  incubated  for  1  h  with 
blocking  buffer,  consisting  of  TBST  (50  mM  Tris-HCl  [pH  7.5],  200  mM  NaCl, 
0.2%  [vol/vol]  Tween  20)  containing  5%  nonfat  dry  milk,  for  2  h  with  the 
appropriate  primary  antiserum  or  antibody  (1:5,000  dilution  of  either  90RF1, 
9BP-1,  or  MUPPl  antiserum  or  1.2  |xg  of  HA  antibodies  per  ml),  and  then  for 
1  h  with  horseradish  peroxidase-conjugated  goat  anti-rabbit  IgG  or  goat  anti¬ 
mouse  IgG  secondary  antibodies  (1:5,000).  Antibodies  were  diluted  in  TBST 
containing  0.5%  nonfat  dry  milk,  and  incubations  were  performed  at  room 
temperature.  After  extensive  washes  in  TBST  buffer,  the  membranes  were  de¬ 
veloped  by  enhanced  chemiluminescence  methods  (Pierce). 

Protein-blotting  assays.  Protein-blotting  assays  and  preparation  of  ^^P-radio- 
labeled  90RF1  fusion  protein  probes  were  performed  as  described  previously 
(57).  Briefly,  MUPPl  fusion  proteins  were  separated  by  SDS-PAGE  and  elec- 
trotransferred  to  a  polyvinylidene  difluoride  membrane.  The  membranes  were 
incubated  with  blocking  buffer  and  then  for  12  h  at  4°C  with  the  ^^P-Iabeled 
GST-90RF1  protein  probe  (5  X  10^  cpm/ml)  in  TBST,  washed  extensively  with 
RIPA  buffer,  and  developed  by  autoradiography. 

In  vitro  translation  and  degradation  assays.  pcDNA3-DLG,  pSP64-p53, 
pSL301-MUPPl,  or  pSP64-18E6  was  transcribed  and  translated  in  vitro  using  the 
TNT-coupled  rabbit  reticulocyte  system  (Promega)  and  10  pCi  of  [^^Sjcysteine 
(1,000  Ci/mmol)  (Amersham),  as  specified  by  Promega.  In  vitro  degradation 
assays  were  performed  as  described  previously  (11).  Briefly,  the  specified  in  vitro 
translation  reaction  mixtures  were  mixed  and  incubated  at  30°C  for  the  indicated 
times  and  proteins  were  immunoprecipitated,  separated  by  SDS-PAGE,  and 
detected  by  autoradiography. 

Pulse-chase  labeling  of  cell  proteins.  Transfected  COS7  cells  were  preincu¬ 
bated  for  30  min  in  culture  medium  lacking  methionine  and  cysteine,  metabol- 
ically  labeled  for  10  min  with  0.4  mCi  of  EXPRE^^S^^S  p^Sjprotein-labeling  mix 
(New  England  Nuclear)  in  1.5  ml  of  culture  medium  lacking  methionine  and 
cysteine,  and  chased  with  culture  medium  containing  excess  unlabeled  methio¬ 
nine  (15  mg/liter)  (2).  At  various  times  postchase,  cells  were  harvested  and  lysed 
in  RIPA  buffer  and  cell  proteins  were  immunoprecipitated  with  HA  antibodies, 
separated  by  SDS-PAGE,  and  developed  by  autoradiography.  The  amount  of 
radioactivity  present  within  each  protein  band  of  interest  was  quantified  using  a 
Storm  Molecular  Dynamics  Phosphorlmager. 

IF  microscopy.  Indirect-immunofluorescence  (IF)  microscopy  assays  were  per¬ 
formed  by  standard  methods  (17).  Cells  were  grown  on  glass  coverslips,  feed  in 
methanol  for  20  min  at  -20°C,  blocked  with  IF  buffer  (TBS  [50  mM  Tris-HCl, 
pH  7.5,  200  mM  NaCl]  containing  10%  goat  serum),  and  reacted  first  with  either 
preimmune  serum  or  MUPPl  antiserum  (1:500)  and  then  with  fluorescein  iso¬ 
thiocyanate-conjugated  goat  anti-rabbit  IgG  secondary  antibodies  (1:250)  (Gibco 
BRL).  For  double-labeling  IF  experiments,  cells  on  coverslips  were  incubated 
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with  both  MUPPl  antiserum  (1:500)  and  HA  monoclonal  antibodies  (66  jjLg/ml) 
and  then  with  both  fluorescein  isothiocyanate-conjugated  goat  anti-rabbit  IgG 
(1:250)  (Gibco  BRL)  and  Texas  red-conjugated  goat  anti-mouse  IgG  secondary 
antibodies  (1:300)  (Molecular  Probes).  All  antibodies  were  diluted  in  IF  buffer, 
and  incubations  were  performed  at  2^TC.  Coverslips  with  attached  cells  were 
rinsed  briefly  in  a  0.5  mg  of  4',6-diamidino-2-phenylindole  (DAPI)  solution  per 
ml  to  stain  nuclei  and  affixed  to  slides  with  mounting  medium  (VectorShield). 
Images  were  collected  with  a  Zeiss  Axiophot  fluorescence  microscope  and  dig¬ 
itally  processed  using  Adobe  Photoshop  software. 

Sequence  alignment  Pairwise  sequence  alignments  were  performed  using  the 
Align  algorithm  of  the  BCM  Search  Launcher  web  browser  (http://dot.imgen.b- 
cm.tmc.edu: 933 1/seq-search/alignment.html).  Mouse,  rat,  and  human  MUPPl 
sequences  (accession  numbers  AJ131869,  AJ001320,  and  AJ001319,  respectively) 
were  obtained  from  GenBank. 


RESULTS 

9BP-1  and  90RFl-associated  protein  p220  have  similar 
characteristics.  By  screening  \gtll  cDNA  expression  libraries 
with  a  90RF1  protein  probe,  we  previously  isolated  a  partial 
cDNA  coding  for  the  carboxyl-terminal  526  aa  of  the  novel 
mouse  multi-PDZ  domain  protein  9BP-1  (28).  Subsequent  re¬ 
screening  of  the  same  Xgtll  library  with  a  9BP-1  DNA  probe 
led  to  the  isolation  of  a  cDNA  coding  for  a  larger  partial 
carboxyl-terminal  688-aa  9BP-1  polypeptide  that  contains  five 
PDZ  homology  domains  (Fig.  lA). 

To  assess  initially  whether  9BP-1  may  represent  one  of  the 
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FIG.  2.  90RFl-associated  protein  p220  displays  similar  properties  to  both 
9BP-i  and  MUPPl.  (A)  9BP-1  and  90RFl-associated  protein  p220  comigrate 
and  exhibit  identical  species-specific  gel  mobilities.  Proteins  from  RIPA  buffer- 
lysed  mouse  NIH  3T3,  rat  CREF,  human  293,  and  human  TE85  cell  lines  were 
either  immunoblotted  with  9BP-1  antiserum  (left)  or  first  subjected  to  a  GST 
pulldown  assay  with  the  indicated  fusion  protein  and  then  blotted  with  a  radio- 
labeled  90RF1  protein  probe  (right).  For  the  experiment  shown  in  the  left  or 
right  panel,  100  or  2.5  mg  of  cell  proteins  was  used,  respectively,  and  the  protein 
gels  were  run  in  parallel.  Asterisks  indicate  90RF1 -associated  protein  p220.  (B) 
MUPPl  antiserum  cross-reacts  with  9BP-1  protein  derived  from  several  different 
species.  Cell  proteins  (2.5  mg)  in  RIPA  buffer  from  the  indicated  cell  lines  were 
first  immunoprecipitated  (IP)  with  either  9BP-1  antiserum  (a-9BP-l)  or  the 
matched  preimmune  serum  (pre)  and  then  immunoblotted  with  MUPPl  anti¬ 
serum.  Also  note  that  the  9BP-1  protein  detected  in  panel  A  (left)  and  the 
MUPPl  protein  detected  here  exhibited  identical  species-specific  gel  mobilities. 


FIG.  3.  90RF1  binds  MUPPl  in  vitro.  GST-90RF1  binds  HA  epitope- 
tagged  rat  MUPPl  protein  (HAMUPPl)  expressed  in  COST  cells.  Cells  were 
lipofected  with  4  fxg  of  either  empty  GWl  plasmid  (vector)  or  GWl-HAMUPPl 
plasmid,  and  cell  proteins  in  RIPA  buffer  were  either  immunoblotted  with  HA 
antibodies  (left)  or  first  subjected  to  a  GST  pulldown  assay  with  the  indicated 
wild-type  or  mutant  E4-ORF1  fusion  protein  (Table  1)  and  then  immunoblotted 
with  HA  antibodies  (right).  COST  cell  proteins  at  100  \ig  or  1  mg  were  used  in 
the  experiment  shown  in  the  left  and  right  panels,  respectively. 


aa)  or  human  MUPPl  (2,042  aa),  respectively  (data  not 
shown).  MUPPl  is  a  widely  expressed  polypeptide,  containing 
13  PDZ  domains  and  no  other  recognizable  protein  motifs, 
and  was  isolated  by  virtue  of  its  ability  to  bind  the  cytoplasmic 
domain  of  the  5-HT2C  serotonin  receptor  in  yeast  two-hybrid 
screens  (55). 

To  confirm  that  9BP-1  and  MUPPl  are  indeed  the  same 
polypeptide,  we  generated  polyclonal  antisera  to  a  unique 
210-aa  rat  MUPPl  region  that  lies  between  PDZ5  and  PDZ6 
and  that  lacks  sequence  similarity  to  other  known  proteins 
(Fig.  lA).  As  with  the  9BP-1  antisera,  these  MUPPl  antisera 
specifically  recognized  an  approximately  250-kDa  cellular  pro¬ 
tein  in  cell  lysates  (data  not  shown)  and,  in  addition,  cross- 
reacted  with  9BP-1  protein  immunoprecipitated  from  human, 
rat,  and  mouse  cell  lines  (Fig.  2B). 

90RF1  binds  MUPPl.  We  utilized  GST  pulldown  assays  to 
show  that  the  wild-type  90RF1  protein  can  bind  to  MUPPl.  In 
these  assays,  we  found  that  the  GST-90RF1  fusion  protein 
bound  both  to  HA  epitope-tagged  rat  MUPPl  (HAMUPPl) 


unidentified  90RF1 -associated  cellular  proteins  (p220,  pl80, 
pl60,  or  pl55),  we  raised  polyclonal  antisera  to  the  carboxyl- 
terminal  526  aa  of  this  partial  polypeptide  (28).  By  immuno¬ 
blot  analysis,  two  independent  9BP-1  antisera  specifically  rec¬ 
ognized  an  approximately  250-kDa  protein  which,  in  cell  lines 
derived  from  various  species,  exhibited  slightly  different  gel 
mobilities  (Fig.  2 A  and  data  not  shown).  The  latter  observation 
presumably  reflects  species-specific  differences  for  this 
polypeptide.  More  important,  9BP-1  was  found  to  be  com- 
plexed  with  90RF1  in  lysates  of  90RFl-expressing  cells  (see 
below;  data  not  shown).  Additionally,  comparison  of  the  gel 
mobility  of  9BP-1  with  that  of  each  90RF1 -associated  protein 
showed  that  9BP-1  and  90RFl-associated  protein  p220  comi¬ 
grate  and  exhibit  identical  species-specific  gel  mobilities  (Fig. 
2A),  suggesting  that  these  proteins  are  the  same. 

9BP-1  is  the  multi-PDZ  domain  protein  MUPPl.  From 
BLAST  searches  of  protein  sequence  databases,  we  subse¬ 
quently  found  that  the  partial  mouse  9BP-1  polypeptide  exhib¬ 
its  99%  amino  acid  sequence  identity  to  the  carboxyl-terminal 
region  of  the  2,055-aa  mouse  multi-PDZ  domain  protein 
MUPPl  (Fig.  1),  as  well  as  94  or  82%  amino  acid  sequence 
identity  to  the  carboxyl-terminal  region  of  rat  MUPPl  (2,054 


TABLE  1.  Carboxyl-terminal  amino  acid  sequences  of  human  Ad 
E4-ORF1  and  HPV  E6  proteins" 


Carboxyl-terminal  amino  acid  sequence  with 
respect  to  the  consensus  type  I  PDZ 
Protein^  domain-binding  motiP: 


X 

(S/T) 

X 

(V/I/L)-COOH 

Wt  90RF1 

A 

T 

L 

V 

IIIA  90RF1 

A 

P 

me  90RF1 

D 

T 

L 

V 

HID  90RF1 

A 

T 

P 

V 

wt  50RF1 

A 

S 

N 

V 

wt  120RF1 

A 

S 

L 

I 

wt  18E6 

E 

T 

0 

V 

18E6-V158A 

E 

T 

Q 

A 

18E6-T156DA^158A 

E 

D 

Q 

A 

wt  11E6 

D 

L 

L 

P 

“  The  sequence  of  the  last  4  aa  at  the  carboxyl  terminus  of  E4-ORF1  proteins 
from  Ad9  (90RF1),  Ad5  (50RF1),  and  Adl2  (120RF1)  and  the  HPV-18  E6 
(18E6)  protein  define  a  consensus  type  I  PDZ  domain -binding  motif,  whereas 
the  HPV-11  E6  (11E6)  protein  lacks  such  a  motif.  Also  shown  are  90RF1  and 
18E6  mutant  proteins  having  altered  or  disrupted  PDZ  domain-binding  motifs. 
^  wt,  wild  type. 

^  Substitution  mutations  are  depicted  as  bold  amino  acid  residues. 
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levels  compared  to  that  of  wild-type  90RF1  (Fig.  3).  This 
binding  profile  of  MUPPl  to  these  90RF1  mutants  is  distinct 
from  that  of  DLG  (28)  and,  as  expected,  is  identical  to  that 
previously  observed  for  90RFl-associated  protein  p220  (57). 

The  physical  association  between  90RF1  and  MUPPl  in 
cells  was  examined  by  performing  coimmunoprecipitation  as¬ 
says.  From  lysates  of  COS7  cells  transiently  expressing 
HAMUPPl  and  either  wild-type  or  mutant  90RF1  protein,  we 
found  that  MUPPl  coimmunoprecipitated  with  wild-type 
90RF1  and  with  mutant  HID  90RF1  at  reduced  levels  but 
failed  to  coimmunoprecipitate  with  either  mutant  IIIA  or  IIIC 
90RF1  (Fig.  4A).  Identical  results  were  obtained  for  endoge¬ 
nous  MUPPl  from  CREF  cell  lines  stably  expressing  compa- 


FIG.  4.  90RF1  complexes  with  MUPPl  in  cells.  (A)  90RF1  complexes  with  HA  epitope-tagged  rat  MUPPl  protein  (HAMUPPl)  expressed  in  COS7  cells.  Cells 
were  lipofected  with  6  jxg  of  GWl-HAMUPPl  plasmid  and  2  fig  of  either  empty  GWl  plasmid  (vector)  or  a  GWl  plasmid  expressing  wild-type  or  the  indicated  mutant 
90RF1  protein.  Cell  proteins  in  RIPA  buffer  were  either  immunoblotted  with  HA  antibodies  or  90RF1  antiserum  (left)  or  first  immunoprecipitated  (IP)  with  90RF1 
antiserum  (a-90RFl)  and  then  immunoblotted  with  HA  antibodies  or  90RF1  antiserum  (right).  Cell  proteins  at  100  or  800  fig  were  used  in  the  experiment  shown 
in  the  left  and  right  panels,  respectively.  (B)  90RF1  complexes  with  endogenous  MUPPl  of  CREF  cells.  Cell  proteins  in  RIPA  buffer  were  either  immunoblotted  with 
MUPPl  or  90RF1  antiserum  (top)  or  first  immunoprecipitated  (IP)  with  90RF1  antiserum  or  the  matched  preimmune  serum  (pre)  (bottom  left)  or,  alternatively,  with 
either  MUPPl  antiserum  (a-MUPPl)  or  the  matched  preimmune  serum  (pre)  (bottom  right)  and  then  immunoblotted  with  either  MUPPl  or  90RF1  antiserum.  CREF 
cell  proteins  at  100  pg,  3  mg,  and  3  mg  were  used  in  the  experiments  in  the  top,  bottom  left,  and  bottom  right  panels,  respectively.  (C)  90RF1  complexes  with  MUPPl 
in  the  Ad9-induced  rat  mammary  tumor  cell  line  20-8.  This  tumor  cell  line  contains  a  single  integrated  copy  of  the  entire  Ad9  genome  (unpublished  results)  Cell 
proteins  (3  mg)  in  RIPA  buffer  were  first  immunoprecipitated  (IP)  with  either  9BP-1  antiserum  (a-9BP-l)  or  the  matched  preimmune  serum  and  then  immunoblotted 
with  either  90RF1  or  9BP-1  antiserum. 


transiently  expressed  in  COS7  cells  (Fig.  3)  and  to  endogenous 
MUPPl  from  CREF  rat  embryo  fibroblasts  (data  not  shown), 
as  did  GST  fusion  proteins  of  the  related  wild-type  Ad5  and 
Adl2  E4-ORF1  transforming  proteins  (GST-50RF1  and 
GST-120RF1,  respectively)  (58).  To  assess  whether  these 
binding  results  with  90RF1  were  specific,  we  also  examined  in 
these  same  assays  three  different  transformation-defective 
90RF1  mutant  proteins  having  disrupted  (mutant  IIIA)  or 
altered  (mutants  IIIC  and  HID)  carboxyl-terminal  PDZ  do¬ 
main-binding  motifs  (Table  1)  (28,  56).  With  respect  to  the 
residues  mutated  in  90RF1  mutants  IIIC  and  HID,  such  se¬ 
quences  surrounding  the  conserved  residues  of  type  I  PDZ 
domain-binding  motifs  are  known  to  influence  the  binding  to 
some  PDZ  domains  (48).  In  GST  pulldown  assays  with  the 
three  90RF1  mutant  proteins,  we  found  that  only  mutant  HID 
was  able  to  bind  to  MUPPl,  albeit  at  substantially  reduced 


rable  levels  of  wild-type  or  mutant  90RF1  protein  (Fig.  4B). 
These  findings  with  COS7  and  CREF  cells  were  fully  concor¬ 
dant  with  the  GST  pulldown  assay  results  (Fig.  3).  It  was  also 
noteworthy  that  MUPPl  similarly  coimmunoprecipitated  with 
wild-type  90RF1  from  lysates  of  an  Ad9-induced  rat  mam- 
maiy  tumor  cell  line  (Fig.  4C).  Taken  together,  the  results  of 
GST  pulldown  and  coimmunoprecipitation  assays  demon¬ 
strated  that  90RF1  utilizes  its  PDZ  domain-binding  motif  to 
mediate  a  specific  interaction  with  the  multi-PDZ  domain  pro¬ 
tein  MUPPl  in  cells. 

90RF1  binds  selectively  to  MUPPl  PDZ7  and  PDZIO.  To 

reveal  which  of  the  13  MUPPl  PDZ  domains  interacted  with 
90RF1,  we  constructed  a  panel  of  fusion  proteins  containing 
10  different,  nonoverlapping  MUPPl  protein  fragments  (Fig. 
5A),  which  collectively  represented  the  entire  full-length 
MUPPl  polypeptide.  A  similar  quantity  of  each  MUPPl  fusion 
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FIG  5  MUPPl  PDZ7  and  PDZIO  mediate  binding  to  90RF1.  (A)  Illustration  of  the  full-length  MUPPl  polypeptide  and  10  different  MUPPl  GST  fusion  protein 
constructs  used  in  protein  blotting  assays.  (B)  90RF1  binds  MUPPl  PDZ7  and  PDZIO  in  vitro.  Approximately  1  p.g  of  each  indicated  MUPPl  GST  fusion  protein 
was  immobilized  on  a  membrane  and  protein  blotted  with  a  radiolabeled  90RF1  protein  probe.  As  a  control,  the  membrane  was  stained  with  Coomassie  brilliant  blue 
dye  to  verify  that  an  equivalent  amount  of  each  fusion  protein  was  used  in  the  experiment  (data  not  shown),  (C)  A  MUPPl  deletion  mutant  lacking  both  PDZ7  and 
PDZIO  fails  to  complex  with  90RF1  in  COS7  cells.  Cells  were  lipofected  with  6  |xg  of  a  GWl  plasmid  expressing  wild-type  or  the  indicated  deletion  mutant  MUPPl 
protein  together  with  2  pg  of  either  empty  GWl  plasmid  (vector)  or  the  GWl-90RFlwt  plasmid.  Cell  proteins  in  RIPA  buffer  were  either  immunoblotted  with  HA 
antibodies  (top)  or  first  immunoprecipitated  (IP)  with  90RF1  antiserum  (a-90RFl)  and  then  immunoblotted  with  HA  antibodies  or  90RF1  antiserum  (bottom).  Cell 
proteins  at  50  and  750  |ULg  were  used  in  the  experiments  in  the  top  and  bottom  panels,  respectively. 


protein  was  immobilized  on  a  membrane  (data  not  shown)  and 
blotted  with  a  radiolabeled  90RF1  protein  probe.  In  these 
experiments,  90RF1  bound  to  MUPPl  PDZ7  and  PDZIO  but 
not  to  any  other  region  of  this  cellular  protein  (Fig.  5B).  A 
functional  90RF1  PDZ  domain-binding  motif  was  required 
for  these  interactions,  since  a  mutant  GST-IIIA  90RF1  pro¬ 
tein  probe  failed  to  react  with  any  of  the  MUPPl  fusion  pro¬ 
teins  in  similar  assays  (data  not  shown). 

To  relate  the  in  vitro  binding  results  to  the  formation  of 
90RF1-MUPP1  protein  complexes  in  cells,  we  constructed 
MUPPl  deletion  mutants  lacking  PDZ7  (HAMUPP1APDZ7), 
PDZIO  (HAMUPPIAPDZIO),  or  both  domains  (HAMUPPl- 
APDZ7/10)  and  tested  these  MUPPl  mutants  for  their  ability 
to  coimmunoprecipitate  with  90RF1  from  COS7  cell  lysates. 
The  results  showed  that  HAMUPP1APDZ7  coimmunoprecipi- 
tated  with  90RF1  at  wild-type  levels  and  that  HAMUPPI¬ 
APDZIO  coimmunoprecipitated  with  90RF1  at  slightly  reduced 
levels  but  that  HAMUPP1APDZ7/10  failed  to  coimmunopre¬ 
cipitate  with  90RF1  in  these  assays  (Fig.  5C).  These  findings 
corroborated  our  in  vitro  binding  results  in  showing  that, 
among  the  13  MUPPl  PDZ  domains,  only  PDZ7  and  PDZIO 
are  capable  of  mediating  the  binding  of  MUPPl  to  90RF1  in 
vivo. 

90RF1  aberrantly  sequesters  MUPPl  within  punctate  bod¬ 
ies  in  the  cytoplasm  of  cells.  Using  IF  microscopy  assays,  we 
sought  to  ascertain  the  subcellular  distribution  of  MUPPl  in 


normal  CREF  cells,  as  well  as  in  CREF  cell  lines  stably  ex¬ 
pressing  wild-type  or  mutant  90RF1  protein.  In  normal  CREF 
cells,  MUPPl  displayed  mostly  diffuse  and  somewhat  perinu¬ 
clear  staining  in  the  cytoplasm,  although  some  MUPPl  protein 
was  also  detected  at  discrete  points  of  cell-cell  contact  (Fig. 
6A).  The  latter  finding  is  consistent  with  the  observation  that 
PDZ  proteins  frequently  localize  to  membranes  at  specialized 
regions  of  cell-cell  contact  in  epithelial  cells  (8).  Because 
90RF1  exists  primarily  within  punctate  bodies  in  the  c^o- 
plasm  of  cells  (59),  we  reasoned  that  the  subcellular  localiza¬ 
tion  of  MUPPl  may  be  perturbed  in  90RF1 -expressing  CREF 
cells.  Significantly,  in  contrast  to  results  obtained  with  normal 
CREF  cells,  MUPPl  was  found  to  be  sequestered  within  punc¬ 
tate  bodies  in  the  cytoplasm  of  more  than  95%  of  CREF  cells 
expressing  wild-type  90RF1  (Fig.  6A),  similar  to  the  staining 
pattern  observed  for  90RF1  (59).  Using  a  CREF  cell  line  stably 
expressing  an  HA  epitope-tagged  90RF1  protein,  we  were 
able  to  demonstrate  that  90RF1  and  MUPPl  colocalize  within 
these  cytoplasmic  bodies  (Fig.  6B). 

Additional  IF  assay  results  indicated  that  the  cytoplasmic 
sequestration  of  MUPPl  by  90RF1  depended  on  an  ability  of 
90RF1  to  complex  with  this  cellular  PDZ  protein.  Specifically, 
CREF  cell  lines  expressing  90RF1  mutants  IIIA  and  IIIC, 
which  fail  to  bind  MUPPl,  showed  a  MUPPl  staining  pattern 
similar  to  that  seen  in  normal  CREF  cells.  Moreover,  the 
CREF  cell  line  expressing  90RF1  mutant  HID,  which  exhibits 
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aberrantly  sequesters  MUPPl  within  punctate  bodies  in  the  cytoplasm  of  cells.  (A)  Determination  of  the  subcellular  localization  of  MUPPl  in 
•  (CREF)  or  CREF  cell  lines  stably  expressing  wild-type  (CREF-90RFi)  or  the  indicated  mutant  90RF1  protein  (CREF-IIIA,  CREF-IIIC,  and 
CREF-IIID).  IF  microscopy  assays  were  performed  with  either  MUPPl  antiserum  (a-MUPPl)  or  the  matched  preimmune  serum  (pre).  Although  all  of  the  CREF  cell 
tes  expressed  similar  amounts  of  MUPPl  protein  (see  Fig.  7A),  the  MUPPl  staining  for  CREF-90RF1  cells  appeared  brighter  than  that  for  the  other  CREF  lines. 

^  resulted  from  the  large  amounts  of  MUPPl  protein  concentrated  within  the  cytoplasmic  punctate  bodies.  Discontinuous  cell-cell  contact  staining 
for  MUPPl  was  most  evident  in  normal  CREF  cells,  and  CREF-IIIA  and  CREF-IIIC  lines,  all  of  which  exhibited  similar  MUPPl  staining  patterns.  As  an  example 
of  this  cell-cell  contact  staining,  two  adjacent  CREF-IIIC  cells  within  the  delimited  rectangular  region  are  shown  offset  at  higher  magnification.  (B)  90RF1  and  MUPPl 
colocalize  withinj^nctate  bodies  in  the  cytoplasm  of  CREF  cells.  Double-labeling  IF  microscopy  assays  using  both  MUPPl  antiserum  and  HA  antibodies  (a-HA)  were 
performed  with  C^F  cel  s  stably  expressing  HA  epitope-tagged  90RF1  protein  (CREF-HA90RF1).  Each  of  the  three  panels  shows  the  identical  field  containing  the 
same  three  cells.  The  top  left  and  top  right  panels  show  the  MUPPl  and  90RF1  staining  patterns,  respectively,  whereas  the  bottom  panel  shows  the  merged  images. 


weak  binding  to  MUPPl,  showed  some  cytoplasmic  punctate  90RF1  protein,  these  three  90RF1  mutant  proteins  also  dis- 
staming  for  MUPPl,  although  substantially  less  than  that  ob-  play  punctate  staining  in  the  cytoplasm  of  CREF  cells  (56). 
served  in  the  CREF  cell  line  expressing  wild-t3^e  90RF1  (Fig.  To  corroborate  the  IF  assay  results,  we  performed  crude  cell 
6A).  It  is  worth  mentioning  that,  similar  to  the  wild-type  fractionation  experiments  with  the  same  CREF  cell  lines.  Fol- 
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FIG.  6 — Continued. 


lowing  direct  lysis  in  2%  SDS,  each  cell  line  was  found  to 
express  comparable  levels  of  both  MUPPl  and  90RF1  pro¬ 
teins  (Fig.  7A).  CREF  cell  lysates  were  also  prepared  in  RIPA 
buffer  and  separated  by  centrifugation  into  a  RIPA  buffer- 
soluble  supernatant  fraction  and  a  RIPA  buffer-insoluble  pel¬ 
let  fraction.  Immunoblot  analyses  of  these  two  fractions  with 
MUPPl  antiserum  revealed  that  wild-type-90RFl-expressing 
CREF  cells  contain  substantially  less  RIPA  buffer-soluble 
MUPPl  protein  and  concomitantly  more  RIPA  buffer-insolu¬ 
ble  MUPPl  protein  than  do  normal  CREF  cells  (Fig.  7B).  The 
fact  that  the  portion  of  MUPPl  protein  retained  in  the  RIPA 
buffer-soluble  fraction  of  the  wild-type-90RFl-expressing  cells 
could  be  depleted  by  quantitative  immunoprecipitation  of 
90RF1  (Fig.  7C)  indicated  that  the  vast  majority  of  MUPPl 
protein  in  these  cells  is  complexed  with  90RF1. 

The  redistribution  of  MUPPl  into  the  RIPA  buffer-insolu¬ 
ble  fraction  of  wild-type-90RFl -expressing  CREF  cells  was 
also  related  to  the  ability  of  90RF1  to  bind  this  cellular  pro¬ 
tein,  because  mutant  IIIA  and  IIIC  90RF1  largely  failed  to 
aberrantly  redistribute  MUPPl  in  CREF  cells  whereas  mutant 
HID  90RF1  retained  a  reduced  capacity  to  induce  this  effect 
(Fig.  7B).  These  differences  are  not  likely  to  be  due  to  the 
smaller  amounts  of  RIPA  buffer-insoluble  mutant  IIIA  and 
IIIC  90RF1  proteins  present  in  these  CREF  cells  (Fig.  7B), 
since  transiently  transfected  293  cells  contained  equivalent 
amounts  of  RIPA  buffer-insoluble  wild-type  and  mutant 
90RF1  proteins  but  still  yielded  a  pattern  of  MUPPl  redistri¬ 


bution  similar  to  that  of  the  CREF  cell  lines  (Fig.  7D).  That 
90RF1  redistributed  MUPPl  into  the  RIPA  buffer-insoluble 
fraction  of  293  cells  more  effectively  than  it  did  in  CREF  cells 
may  be  due  to  the  higher  protein  levels  attained  for  90RF1 
and  MUPPl  in  transient  transfections  of  the  293  cells.  To¬ 
gether,  the  results  of  IF  and  crude  cell  fractionation  assays 
argued  that  90RF1  aberrantly  sequesters  MUPPl  within 
RIPA  buffer-insoluble  complexes  in  the  cytoplasm  of  cells. 

The  high-risk  18E6  oncoprotein  binds  MUPPl  and  targets 
this  cellular  protein  for  degradation  in  cells.  Because,  like 
90RF1,  high-risk  HPV  E6  oncoproteins  possess  a  functional 
PDZ  domain-binding  motif  and  complex  with  DLG  (27,  29), 
we  next  explored  the  possibility  that  such  HPV  E6  proteins 
likewise  bind  to  MUPPl.  In  GST  pulldown  assays,  the  wild- 
type  high-risk  18E6  protein  associated  both  with  HAMUPPl 
protein  expressed  in  COS7  cells  (Fig.  8)  and  with  endogenous 
MUPPl  from  CREF  cells  (data  not  shown).  This  binding  was 
specific  and  dependent  on  a  functional  PDZ  domain-binding 
motif  because  in  these  assays  the  18E6-V158A  and  18E6- 
T156DA^158A  mutant  proteins,  which  have  disrupted  PDZ- 
domain  binding  motifs  (Table  1),  failed  to  complex  with 
MUPPl  (Fig.  8  and  data  not  shown),  as  did  the  wild-type 
low-risk  HPV-11  E6  (11E6)  protein,  which  lacks  a  PDZ  do¬ 
main-binding  motif  (Table  1).  It  is  notable  that  HPV-16  E6 
mutants  having  functionally  disrupted  PDZ  domain-binding 
motifs,  like  those  of  18E6-V158A  and  18E6-T156DA'158A, 
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FIG.  7.  90RF1  aberrantly  redistributes  MUPPl  into  the  RIPA  buffer-insoluble  fraction  of  cells.  (A)  Similar  amounts  of  MUPPl  and  90RF1  proteins  within  CREF 
^1  lines  stably  expressing  wild-type  and  mutant  90RF1  proteins.  Cell  proteins  (100  pg)  extracted  with  sample  buffer  were  immunoblotted  with  MUPPl  antiserum  or 
90RF1  antiserum.  (B)  Wild-type  90RF1  specifically  redistributes  MUPPl  into  the  RIPA  buffer-insoluble  fraction  of  CREF  cells.  Cells  from  the  indicated  CREF  lines 
were  lysed  in  RIPA  buffer  and  centrifuged  to  yield  a  RIPA  buffer-soluble  supernatant  fraction  and  a  RIPA  buffer-insoluble  pellet  fraction  (see  Materials  and  Methods). 
Cell  proteins  from  an  equivalent  volume  of  either  the  soluble  or  insoluble  fraction  were  immunoblotted  with  MUPPl  or  90RF1  antiserum.  (C)  Most  MUPPl  protein 
IS  complexed  with  90RF1  in  90RFl-expressing  CREF  cells.  Cell  proteins  (3  mg)  in  the  RIPA  buffer-soluble  fraction  of  normal  CREF  cells  or  wild-type  90RF1- 
expressing  CREF  cells  were  subjected  to  five  serial  immunoprecipitations  with  90RF1  antiserum.  Relative  amounts  of  MUPPl  and  90RF1  protein  remaining  in  this 
fraction  (100  pg  of  protein)  “before”  and  “after”  performing  the  serial  immunoprecipitations  were  determined  by  immunoblot  analysis  (D)  Wild-type  90RF1  also 
^ecifically  redistributes  HA  epitope-tagged  rat  MUPPl  (HAMUPPl)  into  the  RIPA  buffer-insoluble  fraction  of  293  cells.  Cells  were  lipofected  with  1  pg  of 
GWl-HAMUPPl  plasmid  and  3  pg  of  either  empty  GWl  plasmid  (vector)  or  a  GWl  plasmid  expressing  wild-type  or  the  indicated  mutant  90RF1  protein  Cell 
fractionation  assays  were  performed  as  described  for  panel  B,  except  that  cell  proteins  were  immunoblotted  with  HA  antibodies  or  90RF1  antiserum. 


are  no  longer  able  to  oncogenically  transform  rodent  fibro¬ 
blasts  (26). 

The  fact  that  high-risk  HPV  E6  oncoproteins  promote  the 
degradation  of  several  cellular  factors  (10,  15,  53),  including 
the  tumor  suppressor  protein  p53  (42)  and  DLG  (11), 
prompted  us  to  test  whether  18E6  has  similar  effects  on 
MUPPl.  Incubation  of  in  vitro-translated  high-risk  HPV  E6 
proteins  with  p53  leads  to  degradation  of  this  cellular  factor 
(42),  and  so  we  first  examined  MUPPl  in  similar  assays.  Al¬ 
though  18E6-induced  degradation  of  both  p53  and  DLG  was 
more  efficient,  a  modest  reduction  in  MUPPl  protein  levels 
was  reproducibly  observed  following  a  3-h  incubation  with 


18E6  (Fig.  9).  This  effect  was  also  consistently  greater  than  that 
observed  in  control  water-primed  in  vitro  translation  reactions. 

Whether  18E6  may  target  MUPPl  for  degradation  in  cells 
was  examined  by  expressing  HAMUPPl  alone  or  together  with 
18E6  in  COS7  cells.  We  found  that  in  these  assays,  compared 
to  cells  expressing  MUPPl  alone,  cells  coexpressing  MUPPl 
and  18E6  showed  substantially  lower  steady-state  levels  of 
MUPPl  protein  (Fig.  lOA).  It  is  important  to  mention  that  this 
effect  is  distinct  from  that  seen  in  the  RIPA  buffer-soluble 
fraction  of  90RF1 -expressing  cells  (Fig.  7B  and  D),  since 
MUPPl  was  not  sequestered  within  the  RIPA  buffer-insoluble 
fraction  of  18E6-expressing  cells  (data  not  shown).  To  produce 
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FIG.  8.  18E6  binds  MUPPl  in  vitro.  GST-1 8E6  binds  HA  epitope-tagged  rat 
MUPPl  (HAMUPPl)  exogenously  expressed  in  COS7  cells.  Cells  were  lipo- 
fected  with  8  p.g  of  GWl-HAMUPPl  plasmid,  and  cell  proteins  (250  {xg)  in 
RIP  A  buffer  were  first  subjected  to  a  GST  pulldown  assay  with  the  indicated 
fusion  protein  and  then  immunoblotted  with  HA  antibodies. 


this  effect,  18E6  required  a  functional  PDZ  domain-binding 
motif  because  mutants  18E6-V158A  and  18E6-T156DA^158A, 
as  well  as  wild-type  11E6,  failed  to  reduce  MUPPl  protein 
levels  in  COST  cells.  Additionally,  only  specific  cellular  PDZ 
proteins  were  affected  by  18E6,  since  18E6  neither  bound  the 
DLG-related  PDZ-protein  ZO-1  (Fig,  lOB)  (61)  nor  reduced 
its  protein  levels  in  these  cells  (Fig.  IOC). 

To  verify  that  the  18E6-mediated  reduction  in  MUPPl 
steady-state  protein  levels  was  due  to  decreased  stability  of  this 


cellular  protein  in  cells,  we  performed  pulse-chase  experiments 
with  COS7  cells  either  expressing  HAMUPPl  alone  or  coex¬ 
pressing  HAMUPPl  and  18E6.  The  results  showed  that 
MUPPl  protein  levels  modestly  declined  after  a  6-h  chase 
period  in  the  absence  of  18E6  whereas  they  were  more  exten¬ 
sively  reduced  after  only  a  3-h  chase  period  in  the  presence  of 
18E6  (Fig.  11).  By  quantifying  the  amounts  *of  radioactivity 
present  in  MUPPl  protein  bands  at  each  time  point,  we  esti¬ 
mated  that  the  half-life  of  the  MUPPl  protein  was  shortened 
from  5.7  h  in  control  COS7  cells  to  1.3  h  in  18E6-expressing 
COS7  cells.  This  greater  than  fourfold  decrease  in  the  half-life 
of  the  MUPPl  protein  argues  that  18E6  targets  this  cellular 
factor  for  degradation  in  cells. 

DISCUSSION 

The  results  presented  in  this  paper  demonstrate  that  the 
widely  expressed  multi-PDZ  protein  MUPPl  is  a  direct  cellu¬ 
lar  target  for  the  Ad9  E4-ORF1  oncoprotein  (90RF1),  as  well 
as  for  the  related  E4-ORF1  transforming  proteins  derived 
from  Ad5  and  Adl2  (50RF1  and  120RF1,  respectively)  (Fig. 
3).  We  also  showed  that  interactions  between  90RF1  and 
MUPPl  are  mediated  by  the  carboxyl-terminal  PDZ  domain¬ 
binding  motif  of  90RF1  and  the  PDZ7  and  PDZIO  domains  of 
MUPPl  (Fig.  3  to  5).  Since  50RF1  and  120RF1  also  possess 
carboxyl-terminal  PDZ  domain-binding  motifs,  these  viral  pro¬ 
teins  probably  complex  with  MUPPl  in  a  similar  fashion.  More 
important,  the  fact  that  transformation-defective  90RF1  mu¬ 
tants  with  altered  PDZ  domain-binding  motifs  either  fail  or 
have  reduced  capacities  to  complex  with  MUPPl  in  cells  ar¬ 
gues  that  binding  of  90RF1  to  MUPPl  is  critical  for  90RF1- 


MUPP1  DLG 


p53 


FIG.  9.  18E6  promotes  the  degradation  of  the  MUPPl  protein  in  vitro.  In  vitro-translated  MUPPl,  DLG,  or  p53  protein  was  incubated  for  the  indicated  times  with 
a  5-  to  10-fold  molar  excess  of  in  vitro-translated  18E6  protein  (+)  or  with  an  equivalent  volume  of  a  water-primed  in  vitro  translation  reaction  mixture  (-).  Proteins 
from  each  reaction  were  subjected  to  immunoprecipitation  with  MUPPl,  DLG,  or  p53  antibodies,  respectively,  and  detected  by  autoradiography. 
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FIG.  10.  18E6  reduces  the  steady-state  levels  of  MUPPl  protein  in  cells.  (A)  18E6  reduces  the  steady-state  levels  of  HA  epitope-tagged  rat  MUPPl  (HAMUPPl) 
protein  expressed  in  COS7  cells.  Cells  were  lipofected  with  1  juig  of  GWl-HAMUPPl  plasmid  and  4  fxg  of  either  empty  GWl  plasmid  (vector)  or  a  GWl  plasmid 
expressing  HA  epitope-tagged  wild-type  or  the  indicated  mutant  18E6  protein  or  expressing  HA  epitope-tagged  wild-type  11E6  protein.  Cell  proteins  (30  fjug)  in  RIPA 
buffer  were  immunoblotted  with  HA  antibodies.  (B)  18E6  does  not  bind  HA  epitope-tagged  PDZ-protein  ZO-1  (HAZO-1).  Cells  were  lipofected  with  3  p.g  of  either 
empty  GWl  plasmid  (vector),  GWl-HADLG  plasmid,  or  GWl-HAZO-1  plasmid,  and  cell  proteins  in  RIPA  buffer  were  either  immunoblotted  with  HA  antibodies 
(left)  or  first  subjected  to  a  GST  pulldown  assay  with  the  indicated  fusion  protein  and  then  immunoblotted  with  HA  antibodies  (right).  COST  cell  proteins  at  10  and 
75  fj.g  were  used  in  the  experiments  in  the  left  and  right  panels,  respectively.  HADLG  was  included  as  a  positive  control  in  these  binding  assays  (28).  (C)  18E6  does 
not  reduce  HAZO-1  protein  levels  in  COST  cells.  COST  cells  were  lipofected  with  0.01  |xg  of  GWl-HAZO-1  plasmid  and  4  ixg  of  either  empty  GWl  plasmid  (vector) 
or  a  GWl  plasmid  expressing  HA  epitope-tagged  wild-type  or  the  indicated  mutant  18E6  protein.  Cell  proteins  (30  |xg)  in  RIPA  buffer  were  immunoblotted  with  HA 
antibodies. 


induced  transformation  (Fig.  3  and  4).  Our  finding  that  90RF1 
associates  with  MUPPl  in  an  Ad9-induced  mammary  tumor 
cell  line  (Fig.  4C)  further  suggests  that  this  interaction  also 
contributes  to  Ad9-induced  mammary  tumorigenesis  in  rats. 
With  the  findings  presented  in  this  paper,  90RF1  has  now 
been  shown  to  complex  with  two  different  cellular  PDZ  pro¬ 
teins,  MUPPl  and  DLG  (28).  Since  the  weakly  transforming 
90RF1  mutants  IIIC  and  HID  bind  only  one  of  these  two  PDZ 
proteins  whereas  the  completely  transformation-defective 
90RF1  mutant  IIIA  fails  to  bind  either  PDZ  protein,  we  be¬ 
lieve  that  interaction  of  90RF1  with  both  MUPPl  and  DLG  is 
important  for  full  90RF1  transforming  activity. 

It  is  also  worth  noting  that  we  have  failed  to  detect  any 
binding  of  90RF1  to  several  other  cellular  PDZ  proteins  (B. 
Glaunsinger  and  R.  Javier,  unpublished  results),  suggesting 


that  90RF1  interacts  with  only  a  select  group  of  these  cellular 
factors.  We  hypothesize  that  such  selective  binding  of  90RF1 
is  achieved  through  sequences  surrounding  its  PDZ  domain¬ 
binding  motif.  In  this  model,  specific  amino  acid  residues  ad¬ 
jacent  to  the  90RF1  PDZ  domain-binding  motif  would  play 
differential  roles  in  mediating  the  binding  to  each  90RF1- 
associated  PDZ  protein.  Consistent  with  this  idea,  90RF1 
mutant  IIIC  retains  wild-type  binding  to  DLG  (28)  but  fails  to 
bind  MUPPl  and,  conversely,  90RF1  mutant  HID  fails  to  bind 
DLG  (28)  but  retains  an  ability  to  bind  MUPPl  (Table  1  and 
Fig.  3  and  4). 

The  domain  structure  of  MUPPl  suggests  that  this  cellular 
factor  functions  as  an  adapter  protein  in  signal  transduction 
(55).  Moreover,  having  the  largest  number  of  PDZ  domains 
(i.e.,  13)  yet  reported  in  a  polypeptide,  MUPPl  has  the  capac- 
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FIG.  IL  18E6  decreases  the  half-life  of  the  MUPPl  protein  in  cells.  A  total  of  5.5  X  10^  COST  cells  were  lipofected  with  5  |xg  of  empty  GWl  plasmid  (vector)  or 
1  jULg  of  GWl-HAMUPPl  plasmid  and  4  pg  of  either  empty  GWl  plasmid  (HAMUPPl)  or  the  GW1-18E6  plasmid  (HAMUPPl  -I-  18E6).  At  24  h  posttransfection, 
cells  were  pulse-labeled  and  then  chased  for  the  indicated  times  (see  Materials  and  Methods).  Cell  proteins  (200  pg)  were  immunoprecipitated  with  HA  antibodies 
(a-HA),  and  HAMUPPl  protein  was  detected  by  autoradiography  and  quantified  with  a  Phosphorlmager. 


ity  to  assemble  a  large  array  of  cellular  targets  into  a  multitude 
of  different  signaling  complexes.  As  further  support  for  a  pre¬ 
sumed  role  in  cell  signaling,  MUPPl  was  isolated  in  yeast 
two-hybrid  screens  for  its  ability  to  interact  with  the  cytoplas¬ 
mic  carboxyl-terminal  domain  of  the  5-HT2C  serotonin  recep¬ 
tor  (55),  which,  in  the  central  nervous  system,  is  implicated  in 
a  variety  sensory,  motor,  and  behavioral  processes  (18).  The 
putative  interaction  between  the  5-HT2C  receptor  and  MUPPl 
in  cells  is  suspected  to  involve  a  type  I  PDZ  domain-binding 
motif  at  the  extreme  carboxyl  terminus  of  the  5-HT2C  receptor 
and  at  least  one  MUPPl  PDZ  domain  (55).  The  fact  that 
overexpression  of  the  5-HT2C  receptor  has  been  shown  to 
confer  a  transformed  state  on  3T3  fibroblasts  (60)  also  suggests 
a  possible  link  between  MUPPl  and  signaling  pathways  in¬ 
volved  in  regulating  cellular  proliferation. 

We  found  that  most  of  the  MUPPl  protein  in  CREF  fibro¬ 
blasts  is  present  within  the  cytoplasm,  although  some  MUPPl 
protein  is  also  detected  at  discrete  regions  of  cell-cell  contact 
(Fig.  6).  Consistent  with  the  notion  that  MUPPl  functions  in 
signal  transduction,  PDZ  proteins  that  play  known  roles  in  cell 
signaling  also  localize  to  membranes  at  regions  of  cell-cell 
contact  in  epithelial  cells  (8)  and,  in  some  cases,  within  the 
cytoplasm  (62,  64).  With  respect  to  how  MUPPl  may  function 
in  cells,  studies  with  the  Drosophila  MUPPl -related  multi- 
PDZ  protein  InaD  are  likely  to  provide  the  most  useful  para¬ 
digm.  The  polypeptide  InaD,  consisting  of  five  PDZ  domains, 
functions  to  regulate  the  rhodopsin  light-activated  signaling 
pathway  in  retinal  neurons.  Each  of  the  InaD  PDZ  domains 
mediates  binding  to  a  different  signaling  protein,  including  the 
calcium  channel  TRP,  phospholipase  C-p,  and  protein  kinase 
C.  InaD  serves  to  organize  these  cellular  targets  into  large 
signaling  complexes  and  localize  them  to  specialized  cell  mem¬ 
branes,  and,  in  so  doing,  it  allows  rapid  and  efficient  activation 
and  deactivation  of  the  light  response  (54).  Although  the  PDZ 
protein-regulated  signaling  pathways  perturbed  by  90RF1  in 
cells  have  yet  to  be  identified,  we  previously  showed  that  two 
prominent  transformed  properties  of  90RF1 -expressing 
CREF  cells  in  culture  are  anchorage-independent  growth  and 
an  ability  to  grow  to  high  saturation  densities  (59).  Since  pro¬ 
liferation  of  normal  cells  is  inhibited  by  either  detachment 
from  a  substrate  matrix  or  formation  of  extensive  cell-cell 
contacts  (12,  16),  one  intriguing  possibility  is  that  90RF1  in¬ 
terferes  with  the  ability  of  MUPPl  to  regulate  cell  growth¬ 
controlling  signaling  cascades  that  emanate  from  these  impor¬ 
tant  plasma  membrane  contact  points. 

Of  the  13  MUPPl  PDZ  domains,  90RF1  specifically  targets 
only  2,  namely,  PDZ7  and  PDZIO  (Fig.  5).  This  selective  in¬ 
teraction  may  serve  to  block  MUPPl  from  associating  with 
cellular  targets  of  these  particular  domains  or,  alternatively,  to 


bring  90RF1  into  close  proximity  with  other  MUPPl  cellular 
targets  in  order  to  modify  their  activities.  A  recently  discovered 
activity  for  some  PDZ  proteins  is  the  ability  to  direct  their 
cellular  targets  to  the  proper  location  within  cells  (4,  24,  39, 
54).  One  notable  example  comes  from  studies  of  vulval  devel¬ 
opment  in  Caenorhabditis  elegans.  In  this  system,  LET-23,  an 
epidermal  growth  factor  receptor-like  protein,  must  be  local¬ 
ized  to  the  basolateral  membrane  of  the  vulval  epithelial  cells 
for  this  receptor  to  associate  with  its  growth  factor  ligand  (25). 
Three  different  PDZ  domain-containing  proteins,  LIN-7, 
LIN-2,  and  LIN- 10,  which  complex  with  LET-23,  are  respon¬ 
sible  for  directing  this  receptor  to  its  proper  site  in  cells  (24). 
Therefore,  considering  that  90RF1  aberrantly  sequesters 
MUPPl  in  the  cytoplasm  of  cells  (Fig.  6  and  7),  it  is  reasonable 
to  assume  that  90RF1  completely  abolishes  the  function  of 
MUPPl  by  preventing  this  PDZ  protein  and  its  cellular  targets 
from  reaching  their  proper  destinations  in  the  cell. 

We  also  showed  that  the  high-risk  18E6  oncoprotein  utilizes 
a  PDZ  domain-binding  motif  to  complex  with  and  promote 
degradation  of  the  MUPPl  protein  in  cells  (Fig.  8  to  11). 
Whether  18E6  targets  MUPPl  for  ubiquitin-mediated,  protea- 
some-dependent  proteolysis,  as  it  does  for  p53  (41),  was  not 
determined.  The  modest  18E6-induced  MUPPl  degradation 
observed  after  mixing  in  vitro-translated  proteins  (Fig.  9)  may 
indicate  that  18E6  utilizes  a  different  mechanism  to  degrade 
MUPPl  from  the  one  it  uses  to  degrade  p53  and  DLG.  Nev¬ 
ertheless,  the  degradation  of  MUPPl  that  we  observed  in 
18E6-expressing  COS7  cells  implies  that  MUPPl  function  is 
abrogated  in  cells  infected  by  HPV-18.  Because  the  carboxyl- 
terminal  PDZ  domain-binding  motif  sequence  of  high-risk 
HPV-31,  HPV-39,  HPV-45,  and  HPV-51  E6  proteins  is  iden¬ 
tical  to  that  of  18E6  (28),  MUPPl  is  also  likely  to  be  targeted 
for  degradation  by  these  and  probably  other  high-risk  HPV  E6 
oncoproteins.  Our  additional  finding  that  the  low-risk  11E6 
protein  neither  binds  MUPPl  nor  targets  this  cellular  protein 
for  degradation  in  cells  (Fig.  8  and  10)  provides  additional 
support  for  the  idea  that  binding  of  high-risk  E6  proteins  to 
MUPPl  may  contribute  to  HPV-induced  carcinogenesis. 

Our  results  argue  that  an  ability  to  bind  cellular  PDZ  pro¬ 
teins  contributes  to  the  transforming  activities  of  both  the  Ad 
E4-ORF1  and  high-risk  HPV  E6  oncoproteins.  With  respect  to 
possible  roles  in  the  life  cycles  of  Ad  and  HPV,  these  interac¬ 
tions  are  expected  to  help  create  an  optimal  environment  for 
viral  replication  within  infected  host  cells  by  overcoming  nor¬ 
mal  defense  mechanisms  that  block  abnormal  progression  into 
S  phase.  Such  an  activity  is  common  to  the  oncoproteins  of 
DNA  tumor  viruses  and  is  invariably  mediated  by  their  inter¬ 
actions  with  host  cell  factors  intimately  involved  in  regulating 
cellular  proliferation  and  differentiation  (34).  In  this  regard. 
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the  fact  that  two  unrelated  viral  oncoproteins,  Ad  E4-ORF1 
and  high-risk  HPV  E6,  have  both  evolved  to  target  the  MUPPl 
protein  in  cells  strengthens  the  hypothesis  that  interactions 
with  this  cellular  factor  are  pertinent  to  transformation.  It  is 
well  known  that  the  Ad5  ElB  oncoprotein  sequesters  the  tu¬ 
mor  suppressor  protein  p53  in  cells  (44)  whereas  the  unrelated 
high-risk  HPV  E6  oncoproteins  promote  the  degradation  of 
this  cellular  factor  (19).  In  these  examples,  functional  inacti¬ 
vation  of  p53  is  the  ultimate  outcome  of  these  interactions,  but 
the  mechanisms  by  which  these  viral  oncoproteins  accomplish 
this  elffect  are  distinct.  Our  findings  suggest  that  the  Ad  E4- 
ORFl  and  HPV  E6  oncoproteins  likewise  inactivate  MUPPl 
by  different  mechanisms.  This  interesting  parallel  with  the  tu¬ 
mor  suppressor  protein  p53,  together  with  the  fact  that  the 
PDZ  protein  DLG  is  a  putative  tumor  suppressor  protein, 
hints  that  MUPPl  may  function  to  negatively  regulate  cellular 
proliferation  and  thus  may  represent  a  novel  tumor  suppressor 
protein.  Consequently,  revealing  the  cellular  functions  for  this 
multi-PDZ  domain  adapter  protein  may  provide  new  insights 
into  mechanisms  that  contribute  to  the  development  of  human 
malignancies. 
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The  oncoproteins  of  small  DNA  tumor  viruses  promote 
tumorigenesis  by  complexing  with  cellular  factors 
intimately  involved  in  the  control  of  cell  proliferation. 
The  major  oncogenic  determinants  for  human  adenovirus 
type  9  (Ad9)  and  high-risk  human  papillomaviruses 
(HPV)  are  the  E4-ORF1  and  E6  proteins,  respectively. 
These  seemingly  unrelated  viral  oncoproteins  are  similar 
in  that  their  transforming  activities  in  cells  depend,  in 
part,  on  a  carboxyl-terminal  PDZ  domain-binding  motif 
which  mediates  interactions  with  the  cellular  PDZ- 
protein  DLG.  Here  we  demonstrated  that  both  Ad9 
E4-ORF1  and  high-risk  HPV  E6  proteins  also  bind  to 
the  DLG-related  PDZ-protein  MAGI-1.  These  interac¬ 
tions  resulted  in  MAGI-1  being  aberrantly  sequestered  in 
the  cytoplasm  by  the  Ad9  E4-ORF1  protein  or  being 
targeted  for  degradation  by  high-risk  HPV  E6  proteins. 
Transformation-defective  mutant  viral  proteins,  however, 
were  deficient  for  these  activities.  Our  findings  indicate 
that  MAGI-1  is  a  member  of  a  select  group  of  cellular 
PDZ  proteins  targeted  by  both  adenovirus  E4-ORF1  and 
high-risk  HPV  E6  proteins  and,  in  addition,  suggest  that 
the  tumorigenic  potentials  of  these  viral  oncoproteins 
depend,  in  part,  on  an  ability  to  inhibit  the  function  of 
MAGI-1  in  cells.  Oncogene  (2000)  19,  5270-5280. 

Keywords:  adenovirus  E4-ORF1;  MAGI-1;  papilloma¬ 
virus  E6;  PDZ 


Introduction 

Human  adenoviruses  are  associated  primarily  with 
respiratory,  gastrointestinal,  and  eye  infections  in 
people  but,  in  rodents,  some  of  these  viruses  have  the 
capacity  to  induce  tumors  (Shenk,  1996).  Based  on  the 
types  of  tumors  elicited  and  the  oncoproteins  that 
determine  their  tumorigenicity,  two  different  classes  of 
oncogenic  human  adenoviruses  can  be  distinguished. 
Human  adenoviruses  from  subgroups  A  and  B  induce 
primarily  undifferentiated  sarcomas  at  the  site  of 
injection,  and  the  tumorigenic  potential  of  these  viruses 
depends  solely  on  their  nuclear  El  A  and  ElB 
transforming  proteins  (Shenk,  1996).  In  contrast, 
subgroup  D  human  adenovirus  type  9  (Ad9)  generates 
exclusively  estrogen-dependent  mammary  tumors  (Ja¬ 
vier  et  al.,  1991),  and  the  tumorigenic  potential  of  this 
virus  relies  on  its  cytoplasmic  Ad9  E4-ORF1  (90RF1) 
transforming  protein  (Javier,  1994;  Thomas  et  ai, 
1999). 
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Human  papillomaviruses  (HPV)  are  the  etiological 
agents  of  warts  in  people.  With  regard  to  HPVs  that 
infect  the  genital  tract,  high-risk  HPVs  (types  16,  18, 
31,  and  45)  are  strongly  associated  with  cervical  cancer 
whereas  low-risk  HPVs  (types  6  and  11)  are  weakly  or 
not  associated  with  this  disease  (Howley,  1996).  In 
addition,  the  major  oncogenic  determinants  of  high- 
risk  HPVs  are  their  E7  and  E6  gene  products. 
Interestingly,  the  tumorigenic  potentials  of  high-risk 
HPV  E7  and  E6  and  adenovirus  El  A  and  ElB,  as  well 
as  SV40  large  T-antigen,  similarly  depend  in  part  on 
their  capacity  to  complex  with  and  inactivate  the  tumor 
suppressor  proteins  pRb  and  p53  (Nevins  and  Vogt, 

1996) .  Such  findings  have  revealed  that  seemingly 
unrelated  oncoproteins  from  DNA  tumor  viruses  often 
target  common  cellular  factors  having  critical  roles  in 
the  control  of  cellular  proliferation.  We  and  others 
recently  showed  that  the  seemingly  unrelated  adeno¬ 
virus  E4-ORF1  and  high-risk  HPV  E6  proteins,  as  well 
as  the  human  T-cell  leukemia  virus  type  I  (HTLV-1) 
Tax  protein,  likewise  target  a  common  cellular  factor 
(Lee  et  al,  1997).  It  was  found  that  these  viral 
oncoproteins  similarly  bind  to  the  cellular  PDZ 
domain-containing  protein  DLG  (Kiyono  et  ai,  1997; 
Lee  et  ai,  1997),  which  is  a  mammalian  homolog  of 
the  Drosophila  tumor  suppressor  protein  dig  (Lue  et 
aL,  1994;  Muller  et  ai,  1995). 

PDZ  domains  are  80-90  amino-acid  protein-protein 
interaction  modules  most  often  found  within  cellular 
factors  that  function  in  signal  transduction  (Fanning 
and  Anderson,  1999).  These  domains  typically  bind 
specific  sequence  motifs  located  at  the  extreme 
carboxyl-terminus  of  target  proteins,  although  they 
also  participate  in  other  types  of  protein  interactions. 
Three  different  types  of  carboxyl-terminal  PDZ 
domain-binding  motifs  are  recognized  and,  at  their 
extreme  carboxyl-termini,  adenovirus  E4-ORF1,  high- 
risk  HPV  E6,  and  HTLV-1  Tax  proteins  possess  a  type 
I  motif  having  the  consensus  sequence  -(T/S)-X-(V/I)- 
COOH  (X,  any  amino-acid  [aa]  residue)  (Lee  et  aL, 

1997) .  These  PDZ  domain-binding  motifs  mediate 
interactions  with  one  or  more  PDZ  domains  of  DLG 
and,  for  the  90RF1  and  high-risk  HPV-16  E6  proteins, 
disruption  of  this  motif  abolishes  their  transforming 
activity  (Kiyono  et  aL,  1997;  Lee  et  aL,  1997).  These 
findings  suggest  that  transformation  by  these  viral 
oncoproteins  depends  in  part  on  their  ability  to  block 
the  function  of  DLG. 

Drosophila  dig  has  been  designated  as  a  tumor 
suppressor  protein  because,  for  larvae  carrying  homo¬ 
zygous  dig  mutations,  imaginal  disc  epithelial  cells 
exhibit  loss  of  polarity  and  neoplastic  outgrowth  and, 
in  addition,  certain  neuronal  cells  of  the  brain  undergo 
hyperplastic  growth  (Woods  and  Bryant,  1991).  The 
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fact  that  DLG  rescues  the  phenotypic  defects  of 
Drosophila  unable  to  express  functional  dig  indicates 
that  these  two  proteins  are  functionally  homologous 
(Thomas  et  al,  1997).  These  two  closely-related 
proteins  are  members  of  the  membrane-associated 
guanylate  kinase  (MAGUK)  family  of  proteins,  which 
typically  have  a  domain  structure  consisting  of  one  or 
more  amino-terminal  PDZ  domains,  an  internal  SH3 
domain,  and  a  carboxyl-terminal  guanylate  kinase- 
homology  domain  (Craven  and  Bredt,  1998).  In 
general,  this  family  of  polypeptides  functions  to 
properly  localize  membrane  and  cytosolic  proteins  to 
the  plasma  membrane  at  specialized  regions  of  cell-cell 
contact,  as  well  as  to  organize  these  targets  into  large 
signaling  complexes  (Fanning  and  Anderson,  1999). 
These  results,  together  with  our  recent  finding  that 
high-risk  HPV  E6  proteins  target  DLG  for  degradation 
in  cells  (Gardiol  et  al,  1999),  suggest  a  model  whereby 
the  proposed  cell  signaling  regulatory  activities  of 
DLG  function  to  suppress  inappropriate  proliferation 
of  cells. 

Our  previous  findings  with  the  90RF1  oncoprotein 
suggest  that  its  oncogenic  potential  depends  not  only 
on  interactions  with  DLG  (Lee  et  al.,  1997),  but  also 
with  other  unidentified  cellular  PDZ  proteins  (p220, 
pl80,  pl60,  pl55)  (Weiss  et  al,  1997a).  In  this  paper, 
we  screened  a  panel  of  large  cellular  PDZ  proteins  for 
an  ability  to  bind  the  90RF1  protein  in  order  to 
identify  additional  cellular  factors  that  contribute  to 
90RF1 -induced  transformation.  We  found  that 
90RF1,  as  well  as  high-risk  HPV  E6  oncoproteins, 
selectively  complex  with  the  widely-expressed  cellular 
PDZ-protein  MAGI-1,  a  MAGUK  protein  related  to 
DLG.  Additional  results  showed  that  MAGI-1  is 
aberrantly  sequestered  in  the  cytoplasm  of  cells  by 
the  90RF1  protein  and  is  targeted  for  degradation  in 
cells  by  high-risk  HPV  E6  proteins,  suggesting  that  the 
transforming  potentials  of  two  unrelated  viral  onco¬ 
proteins  depend  in  part  on  an  ability  to  inactivate  this 
cellular  PDZ  protein. 


Results 

90RF1  complexes  with  the  PDZ-protein  MAGI-1  in  cells 

The  transforming  activity  of  the  90RF1  oncoprotein 
depends  on  its  carboxyl-terminal  PDZ  domain-binding 
motif  (Table  1)  (Lee  et  al.,  1997),  which  mediates  direct 
interactions  with  multiple  large  cellular  polypeptides 
(p220,  pl80,  pl60,  pl55,  and  pl40/pl30)  (Weiss  et  al, 
1997a).  Whereas  90RF1 -associated  protein  pl40/pl30 
was  previously  identified  as  the  PDZ-protein  DLG 
(Lee  et  al,  1997),  the  identities  of  the  remaining 
90RF1 -associated  proteins  have  not  been  determined. 
Reasoning  that,  like  DLG,  these  unidentified  90RF1- 
associated  polypeptides  contain  PDZ  domains  and  also 
considering  their  predicted  sizes  (155-220  kD),  we 
examined  a  group  of  cellular  PDZ-proteins  that 
included  FAP-1  (273  kD)  (Sato  et  al,  1995),  ZO-1 
(220  kD)  (Willott  et  al,  1993),  AF-6  (182  kD)  (Prasad 
et  al,  1993),  hINADL  (167  kD)  (Philipp  and  Flock- 
erzi,  1997),  MAGI-1  (152  kD)  (Dobrosotskaya  et  al, 
1997),  and  ZO-3  (130  kD)  (Haskins  et  al,  1998)  for 
binding  to  90RFL  Using  a  variety  of  assays,  we 
demonstrated  that  90RF1  bound  to  the  widely- 
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expressed  PDZ-protein  MAGI-1  (see  below),  but  not 
to  the  other  PDZ-proteins  indicated  above  (data  not 
shown). 

Although  its  function  is  not  known,  MAGI-1  is  a 
MAGUK  protein  related  to  DLG  (Dobrosotskaya  et 
al,  1997).  MAGI-1  is  structurally  inverted  relative  to 
DLG,  however,  as  MAGI-1  has  a  guanylate  kinase- 
homology  domain  at  its  amino-terminus  and  five  PDZ 
domains  at  its  carboxyl-terminus  (Figure  1).  In 
addition,  MAGI-1  possesses  two  WW  domains  rather 
than  the  SH3  domain  of  DLG.  Three  MAGI-1 
isoforms  (a,  b  and  c),  identical  except  for  sequences 
carboxyl-terminal  to  PDZ5,  have  been  identified 
(Figure  1).  The  presence  of  a  consensus  bipartite 
nuclear  localization  signal  within  the  unique  carboxyl- 
terminal  sequences  of  MAGI-lc  hints  that  this 
particular  isoform  may  under  certain  conditions  have 
functions  in  the  nucleus. 

To  show  binding  of  MAGI-1  to  the  90RF1  protein, 
we  subjected  extracts  of  COS-7  cells  expressing  HA 
epitope-tagged  mouse  MAGI- lb  (HAMAGI-lb)  or 
MAGI-lc  (HAMAGI-lc)  to  GST-pulldown  assays 
with  a  wild-type  90RF1  fusion  protein.  We  found 
that  wild-type  90RF1  complexed  similarly  with  both 
MAGI- lb  (data  not  shown)  and  MAGI-lc  (Figure  2a; 
upper  panel).  Like  90RF1,  the  related  E4-ORF1 
transforming  proteins  of  adenovirus  types  5  (50RF1) 


Table  1  Carboxyl-terminal  amino-acid  sequences  of  wild-type  and 
mutant  adenovirus  E4-ORF1  and  human  papillomavirus  (HPV)  E6 
proteins*  _ 

Proteins  Carboxyl-terminal  amino-acid  sequence 

Consensus  type  I  PDZ  domain-binding  motif 


X 

fS/T) 

X 

(VIIIL)-COOH 

Adenovirus  E4-ORF1 
wt  90RF1 

A 

T 

L 

V 

mutant  IIIA 
mutant  IIIC 

A 

D 

P 

T 

L 

V 

mutant  HID 

A 

T 

P 

V 

wt  50RF1 

A 

S 

N 

V 

wt  120RF1 

A 

s 

L 

I 

HPVE6 
wt  18E6 

E 

T 

Q 
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mutant  18E6- 

E 

T 

Q 

A 

V158A 
wt  16E6 

E 

T 

Q 

L 

mutant  16E6- 

E 

D 

Q 

A 

T149D/L151A 
wt  11E6 

D 

L 

L 

P 

*The  carboxyl-terminal  sequences  of  Ad9  E4  ORFl  (90RF1),  HPV- 
18  E6  (18E6),  and  HPV-16  E6  (16E6)  define  a  type  I  PDZ  domain¬ 
binding  motif,  which  is  not  present  at  the  carboxyl-terminus  of  HPV- 
11  E6  (11E6).  Substitution  mutations  are  indicated  by  bold  amino- 
acid  residues 


GuK  WW  WW  PDZ1  PDZ2  PPZ3  PDZ4  PDZ5  NLS 

MAGI-lc  - ® — 9HS — Hi — iH — H — mmmt — -i-s — 

Figure  1  Three  isoforms  of  MAGI-1.  MAGI-1  has  an  inverted 
MAGUK  domain  structure  with  a  guanylate  kinase-homology 
domain  (GuK)  at  its  amino-terminus  and  PDZ  domains  at  its 
carboxyl-terminus.  MAGI- la,  -lb,  and  -Ic  isoforms  are  identical 
except  that  their  sequences  diverge  carboxyl- terminal  to  PDZ5. 
WW,  WW  domain;  NLS,  putative  bipartite  nuclear  localization 
signal 
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and  12  (120RF1)  also  possess  carboxyl-terminal  PDZ 
domain-binding  motifs  (Table  1)  and  likewise  bound  to 
both  MAGI- lb  (data  not  shown)  and  MAGI-lc  in 
these  assays  (Figure  2a;  lower  panel).  With  the  use  of 
MAGI-1  “Specific  antibodies  (Dobrosotskaya  et  aL, 
1997),  we  also  showed  that  90RF1  is  similarly  able 
to  associate  with  endogenous  MAGI-1  protein  derived 
from  extracts  of  CREF  rat  embryo  fibroblasts  (Figure 
2b).  Which  MAGI-1  isoform(s)  is  expressed  in  CREF 
cells  was  not  determined,  but  the  size  of  the  detected 
polypeptide  is  most  consistent  with  that  of  MAGI-lc. 
Also  notable  was  that  MAGI-1  and  90RF1 -associated 
protein  pi 80  co-migrated  in  protein  gels,  suggesting 
that  these  proteins  are  the  same  (Figure  3). 

The  specificity  of  the  binding  results  described  above 
in  Figure  2  was  demonstrated  by  inclusion  of  90RF1 
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Figure  2  Binding  of  90RF1  to  MAGI-1  in  vitro,  (a)  90RF1 
protein  binding  to  mouse  MAGI-lc  detected  in  GST-pulldown 
assays.  Extracts  of  RIPA  buffer-lysed  COS-7  cells  transfected  with 
5  fig  of  empty  GWl  or  5  fig  of  GWI-HAMAGI-lc  plasmid  were 
used  in  GST-pulldown  reactions  with  the  indicated  GST  fusion 
protein,  and  recovered  proteins  were  immunoblotted  with  HA 
antibodies.  Upper  panel,  MAGI-1  binding  to  wild-type  and 
mutant  90RF1  proteins  (see  Table  1).  Lower  panel,  MAGI-1 
binding  to  the  wild-type  E4-ORF1  proteins  of  Ad9,  Ad5 
(50RF1),  and  Ad  1 2  (120RF1).  COS-7  extracts  representing 
one-half  the  amount  used  in  GST  pulldown  reactions  were  also 
directly  immunoblotted  with  HA  antibodies  as  a  control,  (b) 
90RF1  binding  to  endogenous  rat  MAGI-1  of  CREF  cells  using 
GST-pulldown  assays.  CREF  cell  extracts  in  RIPA  buffer  were 
subjected  to  GST-pulldown  assays  and  then  immunoblotted  with 
MAGI-1  antibodies 


mutant  proteins  in  the  same  experiments.  The  PDZ 
domain-binding  motif  of  severely  transformation- 
defective  90RF1  mutant  IIIA  is  disrupted  by  deletion 
(Table  1),  which  renders  this  mutant  unable  to  complex 
with  any  90RF1 -associated  proteins  (Weiss  et  al, 
1997a;  Weiss  and  Javier,  1997).  In  contrast,  the  PDZ 
domain-binding  motifs  of  the  weak-transforming 
90RF1  mutants  IIIC  and  HID  have  less  disruptive 
missense  mutations  (Table  1),  which  permit  these 
mutants  to  bind  a  subset  of  90RF1 -associated 
proteins,  albeit  at  substantially  reduced  levels  in  most 
cases  (Weiss  et  al,  1997a;  Weiss  and  Javier,  1997).  In 
GST-pulldown  assays,  we  found  that  MAGI-1  failed  to 
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Figure  3  Co-migration  of  MAGI-1  and  90RF1 -associated 
protein  pl80  in  a  protein  gel.  GST-pulldown  reactions  using 
GST  or  GST-90RF1  protein  were  performed  with  extracts  of 
human  TE85  cells  in  RIPA  buffer.  Recovered  proteins  from 
duplicate  GST-pulldown  reactions  were  separated  in  parallel  by 
SDS-PAGE  and  transferred  to  a  membrane,  and  membranes 
were  either  blotted  with  a  radiolabeled  90RF1  protein  probe 
(left)  or  with  MAGI-1  antibodies  (right) 
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Figure  4  Binding  of  90RF1  to  MAGI-1  in  vivo.  Co-immuno- 
precipitation  assays  were  performed  with  extracts  of  COS-7  cells 
transfected  with  4  fig  of  GWl-HAMAGI-1  plasmid  and  either 
4  fig  empty  GWl  or  4  fig  of  GWl  plasmid  expressing  wild-type  or 
the  indicated  mutant  90RF1  protein.  COS-7  extracts  in  RIPA 
buffer  were  subjected  to  immunoprecipitation  with  either  HA 
antibodies  (upper  panel)  or  90RF1  antibodies  (lower  panel),  and 
recovered  proteins  were  separately  immunoblotted  with  the  same 
two  antibodies.  In  the  lower  panel,  immunoprecipitation  of  the 
COS-7  extract  with  pre-immune  serum  (pre)  was  included  as  a 
negative  control 
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90RF1  interacts  primarily  with  MAGFl  PDZl  and 
PDZ3 


complex  with  mutant  IIIA,  yet  complexed  with  mutant 
me  at  approximately  wild-type  levels  or  with  mutant 
HID  at  substantially  reduced  levels  (Figures  2a,  b).  The 
fact  that  this  binding  profile  of  MAGI-1  to  wild-type 
and  mutant  90RF1  proteins  was  identical  to  that 
previously  observed  for  90RF1 -associated  protein 
pl80  (Weiss  and  Javier,  1997)  provided  further  support 
for  the  idea  that  these  proteins  are  the  same.  More 
important,  these  findings  indicated  that  90RF1 
binding  to  MAGI-1  is  specific  and  depends  on  a 
functional  90RF1  PDZ  domain-binding  motif. 

We  next  performed  reciprocal  co-immunoprecipita- 
tion  assays  with  extracts  of  COS-7  cells  co-expressing 
HAMAGI-lc  and  either  wild-type  or  mutant  90RF1 
protein.  We  found  that  MAGI-1  co-precipitated  with 
wild-type  90RF1  but  failed  to  co-precipitate  with 
mutant  IIIA  (Figure  4).  MAGI-1  also  co-precipitated 
with  mutants  IIIC  and  HID,  but  at  levels  slightly 
below  or  substantially  below,  respectively,  that  of  the 
wild-type  90RF1  protein  (Figure  4).  These  results  were 
concordant  with  those  of  the  GST-pulldown  assays  (see 
Figure  2)  and  also  indicated  that  90RF1  and  MAGI-1 
form  specific  complexes  in  cells. 


The  fact  that  disrupting  the  PDZ  domain-binding 
motif  of  90RF1  impairs  its  binding  to  MAGI-1  implies 
that  this  viral  protein  binds  one  or  more  MAGI-1  PDZ 
domains.  To  verify  this  prediction,  we  performed 
protein  blotting  assays  by  incubating  membrane- 
immobilized  fusion  proteins  of  individual  MAGI-1 
PDZ  domains  with  a  radiolabeled  90RF1  protein 
probe.  In  these  assays,  the  wild-type  90RF1  protein 
probe  bound  strongly  with  PDZl  and  PDZ3,  weakly 
with  PDZ2,  but  failed  to  bind  either  PDZ4  or  PDZ5 
(Figure  5a).  Additionally,  none  of  these  MAGI-1  PDZ 
domains  reacted  with  a  mutant  IIIA  protein  probe 
(data  not  shown),  indicating  that  the  detected  binding 
was  specific  and  dependent  on  a  functional  90RF1 
PDZ  domain-binding  motif. 

As  90RF1  mutants  IIIC  and  HID  displayed  nearly 
wild-type  or  reduced  binding,  respectively,  to  MAGI-1 
(see  Figures  2  and  4),  these  mutant  proteins  were  also 
used  as  probes  in  protein  blotting  assays.  In  these 
experiments,  mutants  IIIC  and  HID  displayed  recipro- 


Figure  5  Binding  of  90RF1  to  MAGM  PDZl  and  PDZ3.  (a)  Strong  binding  of  90RF1  to  two  of  five  MAGI-1  PDZ  domains. 
GST  proteins  fused  to  individual  MAGM  PDZ  domains  were  separated  by  SDS-PAGE,  immobilized  on  duplicate  membranes, 
and  either  stained  with  coomassie  or  protein  blotted  with  the  indicated  wild-type  or  mutant  90RF1  fusion  protein  probe,  (b) 
Illustration  of  MAGI-l  deletion  mutants,  (c)  A  MAGM  mutant  missing  PDZl  and  PDZ3  fails  to  interact  with  90RF1  in  GST 
pulldown  assays.  Extracts  of  RIPA  buffer-lysed  COS-7  cells  transfected  with  5  (ig  of  GWl  plasmid  expressing  either  HA-tagged 
wild-type  or  the  indicated  mutant  MAGM  protein  were  subjected  to  GST-pulldown  reactions  with  either  GST  or  GST-90RF1 
fusion  protein,  and  recovered  proteins  were  immunoblotted  with  HA  antibodies.  COS-7  extracts  representing  one-tenth  the  amount 
used  in  GST  pulldown  reactions  were  also  directly  immunoblotted  with  HA  antibodies  as  a  control,  (d)  A  MAGI-1  mutant  missing 
PDZl  and  PDZ3  fails  to  interact  with  90RF1  in  co-immunoprecipitation  assays.  Co-immunoprecipitation  assays  were  performed 
with  extracts  of  COS-7  cells  transfected  with  4  j^g  of  wild-type  or  mutant  GWl-HAMAGM  plasmid  and  either  4  jig  empty  GWl  or 
4  fig  of  GW1-90RF1  plasmid.  COS-7  extracts  in  RIPA  buffer  were  subjected  to  immunoprecipitation  with  90RF1  antibodies,  and 
recovered  proteins  were  separately  immunoblotted  with  either  HA  antibodies  (upper  panels)  or  90RF1  antibodies  (lower  panels) 
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cal  defects  in  binding  to  MAGI-1  PDZl  and  PDZ3. 
Specifically,  mutant  IIIC  reacted  with  PDZ3  but  not 
with  PDZl  and  mutant  HID  reacted  with  PDZl  but 
not  with  PDZ3  (Figure  5a).  Also,  mutant  HID  bound 
to  MAGI‘1  PDZ2,  but  mutant  IIIC  did  not  interact 
detectably  with  this  domain.  These  results  revealed 
that,  although  they  are  able  to  bind  MAGI-1,  mutants 
IIIC  and  HID  both  have  impaired  domain  interactions 
with  this  PDZ  protein. 

To  confirm  that  MAGI-1  PDZl  and  PDZ3  primarily 
determine  binding  of  90RF1  to  the  full-length  MAGI- 
1  polypeptide,  we  constructed  a  MAGI-1  double¬ 
deletion  mutant  missing  both  PDZl  and  PDZ3 
(HAMAGI-lAPDZl  +  3)  (Figure  5b).  In  agreement 
with  the  results  of  protein  blotting  assays  (see  Figure 


5a),  90RF1  failed  to  bind  HAMAGI-lAPDZl  -{-3  both 
in  GST-pulldown  assays  (Figure  5c)  and  in  co- 
immunoprecipitation  assays  (Figure  5d).  Although 
90RF1  can  bind  to  MAGI-1  PDZ2  (see  Figure  5a), 
this  weak  interaction  was  presumably  too  low  to  detect 
in  these  experiments.  These  findings  showed  that 
MAGI-1  PDZl  and  PDZ3,  and  no  other  region  of 
MAGI-1,  largely  mediate  binding  to  90RF1. 

Contrary  to  results  obtained  with  the  HAMAGI- 
lAPDZl +3  double-deletion  mutant,  MAGI-1  single¬ 
deletion  mutants  missing  either  only  PDZl  (HAMA- 
GI-lAPDZl)  or  only  PDZ3  (HAMAGI-1APDZ3) 
(Figure  5b)  associated  with  90RF1  at  approximately 
wild-type  levels  (Figure  5c),  demonstrating  that  either 
PDZl  alone  or  PDZ3  alone  is  sufficient  to  confer  upon 
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Figure  6  Aberrant  sequestration  of  MAGI-1  in  the  cytoplasm  of  90RF1 -expressing  CREF  cells,  (a)  Localization  of  MAGI-1  in 
normal  CREF  cells  or  CREF  cells  expressing  wild-type  or  mutant  90RF1  proteins.  Indirect  immunofluorescence  assays  were 
performed  with  normal  CREF  cells  (panels  a  and  c)  or  CREF  cells  stably  expressing  wild-type  90RF1  (panels  b  and  d),  mutant 
III  A  (panel  e),  mutant  IIIC  (panel  I),  or  mutant  HID  (panel  g).  Cells  were  reacted  with  either  normal  rabbit  IgG  (panels  a-b)  or 
MAGI-1  antibodies  (panels  c-g)  and  visualized  by  fluorescence  microscopy,  (b)  Co-localization  of  90RF1  and  MAGI-1  proteins  in 
CREF  cells.  Double-label  indirect  immunofluorescence  assays  were  performed  by  reacting  CREF  cells  stably  expressing  HA  epitope- 
tagged  90RF1  (CREF-HA90RF1)  with  both  HA  and  MAGI-1  antibodies.  Each  of  the  three  panels  represents  the  same  field 
containing  a  single  representative  cell  stained  for  90RF1  (left  panel),  MAGI-1  (center  panel),  or  the  merged  images  (right  panel) 
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MAGI-1  wild-type  binding  to  90RF1.  This  finding 
also  suggested  that  the  strong  binding  of  mutant  IIIC 
to  MAGI-1  (see  Figures  2  and  4)  is  due  to  this  mutant 
retaining  approximately  wild-type  affinity  for  PDZ3 
and  that  the  weak  binding  of  mutant  HID  to  MAGI-1 
(see  Figures  2  and  4)  is  due  to  this  mutant  having 
reduced  affinity  for  PDZl.  The  reason  that  the 
predicted  reduced  affinity  of  mutant  HID  for  PDZl 
was  not  revealed  in  protein  blotting  assays  (see  Figure 
5a)  is  not  clear,  but  it  may  be  due  to  differences  in  the 
specific  activity  of  each  protein  probe. 


90RF1  aberrantly  sequesters  MAGI-1  in  the  cytoplasm  of 
cells 

Indirect  immunofluorescence  (IF)  microscopy  assays 
were  used  to  ascertain  the  subcellular  distribution  of 
MAGI-1  in  cells.  We  found  that,  in  normal  CREF 
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fibroblasts,  MAGI-1  was  primarily  distributed  diffusely 
within  the  cytoplasm  (Figure  6a).  Other  PDZ  proteins 
also  localize  in  the  cytoplasm  (Wu  et  aL,  1998;  Yang  et 
al,  1998),  although  these  types  of  polypeptides  more 
often  associate  with  the  plasma  membrane  at  sites  of 
cell-cell  contact  in  epithelial  cells  (Fanning  and 
Anderson,  1999).  Because  90RF1  is  present  within 
punctate  bodies  in  the  cytoplasm  of  CREF  cells  (Weiss 
et  al,  1996),  we  hypothesized  that  the  staining  pattern 
of  MAGI-1  in  90RF1 -expressing  CREF  cells  would  be 
dramatically  altered  from  that  of  normal  CREF  cells, 
resembling  that  of  90RF1.  As  expected,  MAGI-1  was 
redistributed  within  punctate  bodies  in  the  cytoplasm 
of  CREF  cells  expressing  wild-type  90RF1  (CREF- 
90RF1)  (Figure  6a).  This  aberrant  localization  of 
MAGI-1  was  due  to  association  of  90RF1  with 
MAGI-1,  as  these  proteins  co-localized  in  these  cells 
(Figure  6b). 

We  also  examined  the  subcellular  distribution  of 
MAGI-1  in  CREF  cell  lines  stably  expressing  mutant 
90RF1  proteins  (see  Table  1)  which,  similar  to  wild- 
type  90RF1,  exhibit  punctate  cytoplasmic  staining  in 
CREF  cells  (Weiss  et  al,  1997a).  Despite  the  fact  that 
each  of  the  different  CREF  cell  lines  expressed  90RF1 
protein  at  comparable  levels  (Figure  7,  upper  panel). 
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Figure  7  Aberrant  sequestration  of  MAGI-l  within  RIPA 
buffer-insoluble  complexes  in  90RF1 -expressing  CREF  cells. 
Normal  CREF  cells  or  CREF  cells  stably  expressing  wild-type 
or  mutant  90RFI  protein  were  lysed  either  in  sample  buffer 
(upper  panel)  or  in  RIPA  buffer  and  subsequently  centrifuged  to 
yield  RIPA  buffer-soluble  supernatant  (S)  and  RIPA  buffer- 
insoluble  pellet  (I)  fractions  (lower  panel).  Extracts  of  sample 
buffer-lysed  cells  or  equal  volumes  of  the  S  and  I  fractions  from 
RIPA  buffer-lysed  cells  were  separately  immunoblotted  with 
MAGI-1  antibodies  or  90RF1  antiserum 


Figure  8  Binding  of  high-risk  HPV  E6  oncoproteins  to  MAGI-1 
in  vitro.  Extracts  of  COS-7  cells  transfected  with  5  ng  of  empty 
GWl  or  5  jug  of  GWI-HAMAGI-lc  plasmid  were  subjected  to 
GST-pulldown  reactions  with  the  indicated  GST  fusion  protein, 
and  recovered  proteins  were  immunoblotted  with  HA  antibodies. 
GST  pulldown  assays  with  the  indicated  GST  fusion  protein  were 
performed  with  COS-7  extracts  in  RIPA  buffer  or  NETN  buffer. 
COS-7  extracts  representing  one-tenth  the  amount  used  in  GST 
pulldown  reactions  were  also  directly  immunoblotted  with  HA 
antibodies  as  a  control 
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antibodies,  and  recovered  proteins  were  separated  by  SDS-PAGE  and  visualized  by  autoradiography  (left  panel).  The  amount  of  in 
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the  staining  pattern  of  MAGT-1  in  the  CREF  cell  line 
expressing  mutant  IIIA  (CREF-IIIA;  Figure  6a),  which 
fails  to  bind  MAGI-1  (see  Figure  2),  was  similar  to 
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Figure  10  Selective  reduction  in  MAGI- 1  protein  levels  in  vivo 
by  high-risk  HPV  E6  proteins,  (a)  Decrease  in  the  steady-state 
protein  levels  of  MAGI-1  induced  by  high-risk  HPV  E6 
oncoproteins.  Extracts  of  RIPA  buffer-lysed  COS-7  cells 
transfected  with  0.5  pig  of  GWl-HAMAGI-lc  plasmid  alone  or 
in  combination  with  4  /rg  of  a  GWl  plasmid  expressing  the 
indicated  wild-type  or  mutant  HPV  E6  protein  were  immuno- 
blotted  with  HA  antibodies,  (b)  Failure  of  18E6  to  bind  a  MAGI- 
1  deletion  mutant  missing  all  five  PDZ  domains  (MAGI- 
1A5PDZ)  or  the  wild-type  ZO-2  protein.  Extracts  of  RIPA 
buffer-lysed  COS-7  cells  transfected  with  5  pig  of  the  indicated 
GWl  expression  plasmid  were  subjected  to  GST-puIIdown 
reactions  with  either  GST  or  GST-18E6  protein.  Recovered 
proteins  were  immunoblotted  with  HA  antibodies.  COS-7  extracts 
representing  one-tenth  the  amount  used  in  GST  pulldown 
reactions  were  also  directly  immunoblotted  with  HA  antibodies 
as  a  control,  (c)  Inability  of  18E6  to  reduce  the  steady-state 
protein  levels  of  MAGI-1A5PDZ  or  ZO-2  in  cells.  Extracts  of 
RIPA  buffer-lysed  COS-7  cells  transfected  with  0.1  pig  of  GWI- 
HAMAGIA5PDZ  plasmid  (upper  panel)  or  with  0.01  pig  of  GWl- 
HAZO-2  plasmid  (lower  panel),  alone  or  in  combination  with 
4  ng  of  GWl  plasmid  expressing  wild-type  or  mutant  HA18E6, 
were  immunoblotted  with  HA  antibodies 


that  of  normal  CREF  cells,  whereas  substantially  less 
aberrant  punctate  staining  for  MAGI-1  was  detected  in 
the  cytoplasm  of  the  CREF  cell  line  expressing  mutant 
HID  (CREF-IIID;  Figure  6a),  which  binds  weakly  to 
MAGI-1  (see  Figure  2).  Interestingly,  the  CREF  cell 
line  expressing  mutant  IIIC  (CREF-IIIC),  which  binds 
MAGI-1  at  nearly  wild-type  levels  (see  Figure  2), 
showed  a  MAGI-1  staining  pattern  similar  to  that  of 
normal  CREF  cells  (Figure  6a).  Therefore,  in  addition 
to  having  defective  PDZ-domain  interactions  with 
MAGI-1  (see  Figure  5a),  mutants  IIIC  and  HID  also 
either  failed  or  showed  a  substantially  reduced 
capacity,  respectively,  to  sequester  MAGI-1  within 
punctate  bodies  in  the  cytoplasm  of  CREF  cells. 

To  confirm  the  aberrant  sequestration  of  MAGI-1 
by  90RF1  detected  in  IF  assays,  we  performed  crude 
cell-fractionation  assays  with  the  same  CREF  cell  lines. 
In  these  experiments,  cells  lysed  in  RIPA  buffer  were 
separated  by  centrifugation  into  RIPA  buffer-soluble 
supernatant  and  RIPA  buffer-insoluble  pellet  fractions, 
each  of  which  was  immunoblotted  for  the  presence  of 
MAGI-1  protein.  In  normal  CREF  cells,  the  majority 
of  MAGI-1  protein  was  detected  in  the  RIPA  buffer- 
soluble  fraction  but,  in  CREF-90RF1  cells,  MAGI-1 
was  exclusively  present  within  the  RIPA  buffer- 
insoluble  fraction  (Figure  7,  lower  panel).  It  was  this 
inability  to  recover  soluble  MAGI-1  protein  from 
extracts  of  CREF-90RF1  cells  that  prevented  us  from 
showing  co-immunoprecipitation  of  90RF1  and 
MAGI-1  with  this  particular  cell  line.  This  observation 
also  explained  the  substantially  lower  levels  of  MAGI- 
1  protein  recovered  in  lysates  of  COS-7  cells  co¬ 
expressing  MAGI-1  and  90RF1  compared  to  those 
recovered  in  COS-7  cells  expressing  MAGI-1  alone  (see 
Figure  5d).  Additionally,  the  results  of  crude  cell- 
fractionation  assays  with  CREF  cells  expressing 
mutant  90RF1  proteins  were  in  accordance  with  the 
IF  findings  because  MAGI-1  protein  was  recovered 
primarily  in  the  RIPA  buffer-soluble  fraction  of  the 
CREF-IIIA,  CREF-IIIC,  and  CREF-IIID  cell  lines 
(Figure  7,  lower  panel). 


High-risk  human  papillomavirus  E6  oncoproteins  also 
complex  with  MAGI-1 

We  (Lee  et  al.,  1997)  and  others  (Kiyono  et  al,  1997) 
previously  showed  that,  like  90RF1,  high-risk  but  not 
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Figure  11  Decrease  in  MAGI-1  protein  half-life  induced  by  the 
high-risk  HPV- 18  E6  protein.  COS-7  cells  transfected  with  0.5  /fg 
of  GWl-HAMAGI-lc  plasmid  in  combination  with  4  pig  of 
empty  GWl  or  GW1-HA18E6  plasmid  were  pulse-labeled  for 
15  min  with  EXPRESS  protein  label  and  subsequently 

chased  with  unlabeled  culture  medium  for  the  indicated  times.  At 
each  time  point,  cell  extracts  were  immunoprecipitated  with  HA 
antibodies.  Recovered  MAGI-1  protein  was  visualized  by 
autoradiography  and  quantified  by  phosphorimager  analysis 
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low-risk  HPV  E6  oncoproteins  contain  functional  PDZ 
domain-binding  motifs  at  their  carboxyl-termini  (Table 
1)  and  bind  DLG.  To  determine  whether  high-risk 
HPV  E6  oncoproteins  also  bind  MAGI-1,  we  per¬ 
formed  GST-pulldown  assays  with  lysates  of  COS-7 
cells  expressing  the  HAMAGI-lc  protein.  The  results 
indicated  that  wild-type  high-risk  16E6  and  18E6,  but 
not  low-risk  HPV-11  E6  (11E6),  bind  MAGI-1  in  these 
assays  (Figure  8).  Moreover,  the  mutants  16E6-T149D/ 
L151A  and  18E6-V158A,  which  have  disrupted  PDZ 
domain-binding  motifs  (Table  1),  failed  to  bind 
MAGI-1,  indicating  that  the  interactions  between 
wild-type  high-risk  E6  oncoproteins  and  MAGI-1  were 
specific  and  required  a  functional  PDZ  domain-binding 
motif.  We  further  demonstrated  that  a  16  aa-residue 
carboxyl-terminal  18E6  peptide  (18E6-CT16)  contain¬ 
ing  the  PDZ  domain-binding  motif  was  sufficient  to 
mediate  binding  to  MAGI-1  (Figure  8). 

High-risk  HPV  E6  oncoproteins  target  MAGI-1  for 
degradation 

High-risk  HPV  E6  oncoproteins  promote  degradation 
of  the  p53  tumor  suppressor  protein  in  cells  by 
ubiquitin-dependent  proteolysis  (Scheffner  et  al, 
1990).  As  we  recently  showed  that  DLG  is  also 
targeted  for  degradation  by  high-risk  HPV  E6  proteins 
(Gardiol  et  al.,  1999),  it  was  of  interest  to  determine 
whether  MAGI-1  is  similarly  affected  by  these  viral 
proteins.  This  possibility  was  initially  examined  by 
mixing  and  incubating  in  v/7ro-translated  FLAG 
epitope-tagged  MAGI-1  with  wild-type  or  mutant 
18E6  and  16E6  proteins.  We  found  that,  following 
incubation  with  either  wild-type  18E6  or  16E6,  MAGI- 
1  protein  levels  were  substantially  more  reduced  than 
following  incubation  with  mutant  18E6-V158A  or 
16E6-T149D/L151A,  or  with  a  water-primed  in  vitro- 
translation  reaction  (Figure  9). 

To  determine  whether  high-risk  HPV  E6  proteins 
also  specifically  target  MAGI-1  for  degradation  in 
cells,  we  compared  the  steady-state  protein  levels  of 
MAGI-1  in  COS-7  cells  either  expressing  MAGI-1 
alone  or  co-expressing  MAGI-1  and  wild-type  or 
mutant  E6  proteins.  Consistent  with  our  in  vitro 
results,  MAGI-1  protein  levels  were  substantially 
reduced  in  cells  expressing  either  wild-type  18E6  or 
16E6  (Figure  10a).  The  results  of  additional  experi¬ 
ments  indicated  that  the  reduction  of  MAGI-1  protein 
levels  in  cells  expressing  these  wild-type  E6  proteins 
was  specific  and  due  to  proteolysis.  First,  no  decrease 
in  MAGI-1  protein  levels  was  detected  in  cells 
expressing  either  the  18E6-V158A  or  16E6-T149D/ 
L151A  mutant  protein,  or  the  low-risk  11E6  protein 
(Figure  10a).  Second,  consistent  with  our  inability  to 
detect  binding  of  18E6  to  a  truncated  MAGI-1  protein 
lacking  all  five  PDZ  domains  (MAGI-1A5PDZ)  (see 
Figure  5b)  or  to  the  wild-type  MAGUK-family  PDZ- 
protein  ZO-2  (Jesaitis  and  Goodenough,  1994)  (Figure 
10b),  18E6  failed  to  reduce  the  protein  levels  of  either 
polypeptide  in  cells  (Figure  10c).  Finally,  the  results  of 
pulse-chase  experiments  in  COS-7  cells  expressing 
MAGI-1  alone  or  co-expressing  MAGI-1  and  18E6 
demonstrated  that  the  half-life  of  the  MAGI-1  protein 
is  drastically  decreased  from  approximately  24  h  in 
normal  cells  to  approximately  1  h  in  18E6-expressing 
cells  (Figure  11).  From  these  results,  we  conclude  that 
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high-risk  HPV  E6  oncoproteins  specifically  target  the 
PDZ-protein  MAGI-1  for  degradation  in  cells. 


Interactions  of  the  90RF1  oncoprotein  with  the 
MAGUK-protein  DLG  and  with  several  other  uni¬ 
dentified  cellular  factors  (p220,  pl80,  pl60,  pl55) 
correlate  with  the  ability  of  this  viral  protein  to 
transform  cells  (Weiss  and  Javier,  1997).  Thus, 
identification  and  characterization  of  the  unidentified 
cellular  proteins  is  expected  to  aid  in  fully  revealing  the 
mechanisms  of  90RF1 -induced  transformation.  In  this 
study,  we  showed  that,  in  addition  to  DLG,  90RF1 
also  binds  to  the  related  MAGUK-protein  MAGI-1 
and  that  this  cellular  PDZ  protein  likely  represents  the 
previously  unidentified  90RF1 -associated  protein 
pi 80.  Particularly  noteworthy  is  that  all  transforma¬ 
tion-defective  90RF1  mutants  having  an  altered  PDZ 
domain-binding  motif  displayed  impaired  interactions 
with  MAGI-1.  For  example,  the  severely  transforma¬ 
tion-defective  mutant  IIIA  and  the  weak-transforming 
mutant  HID  failed  or  showed  a  substantially  reduced 
capacity,  respectively,  to  bind  MAGI-1.  In  addition, 
although  the  weak-transforming  mutant  IIIC  bound  to 
MAGI-1  at  nearly  wild-type  levels  in  cells,  this  mutant 
protein  was  impaired  both  for  interacting  with  certain 
MAGI-1  PDZ  domains  and  for  aberrantly  sequestering 
MAGI-1  within  RIPA  buffer-insoluble  complexes  in 
the  cytoplasm  of  cells.  With  respect  to  the  latter 
observation,  we  noted  that,  in  contrast  to  wild-type 
90RF1,  substantial  amounts  of  mutant  IIIC  protein 
exist  in  the  RIPA  buffer-soluble  fraction  of  cells, 
suggesting  that  this  mutant  may  be  inherently  unable 
to  sequester  PDZ  proteins  in  the  cytoplasm  of  cells. 
Taken  together,  results  with  transformation-defective 
90RF1  mutants  argue  that  the  abilities  of  90RF1  to 
bind  and  aberrantly  sequester  MAGI-1  in  cells 
contribute  to  90RF1 -mediated  cellular  transformation. 
The  fact  that  transformation-defective  90RF1  mutants 
also  fail  to  bind  other  90RF1 -associated  PDZ-proteins 
(Lee  et  ah,  1997),  however,  suggests  that  interactions  of 
90RF1  with  additional  PDZ  proteins  are  likewise 
important. 

It  is  also  noteworthy  that,  among  six  different  PDZ 
proteins  examined,  only  MAGI-1  was  found  to  interact 
with  90RF1.  This  finding  indicates  that  90RF1  targets 
only  select  PDZ  proteins  in  cells.  This  idea  is  further 
evidenced  by  the  select  interaction  of  90RF1  with  two 
of  the  five  PDZ  domains  of  MAGI-1  and  two  of  the 
three  PDZ  domains  of  DLG  (Lee  et  al,  1997).  These 
observations,  coupled  with  the  fact  that  90RF1 
mutants  IIIC  and  HID  bind  only  one  MAGI-1  PDZ 
domain,  argue  that  precise  sequence  requirements  both 
within  the  PDZ  domain-binding  motif  of  90RF1  and 
within  each  PDZ  domain  of  the  90RF1 -associated 
targets  determine  these  highly  specific  protein-protein 
interactions. 

The  fact  that  MAGI-1  is  a  MAGUK-family  protein 
suggests  that  this  PDZ  protein  functions  to  assemble 
numerous  cellular  targets  into  large  signaling  com¬ 
plexes  in  cells.  In  contrast  to  many  PDZ  proteins, 
however,  MAGI-1  was  found  to  localize  predominantly 
in  the  cytoplasm  of  CREF  fibroblasts.  Although  we 
cannot  discount  the  possibility  that  a  minor  fraction  of 
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MAGI-1  is  present  at  the  membrane  of  CREF  cells, 
this  finding  may  indicate  that  MAGI-1  functions 
primarily  in  the  cytoplasm.  Alternatively,  it  is  feasible 
that  MAGI-1  does  function  at  the  membrane,  but  its 
translocation  to  this  site  occurs  only  following  specific 
cellular  stimuli.  Besides  possible  cytoplasmic  and 
membrane  activities,  the  MAGI-lc  isoform,  which 
contains  a  consensus  bipartite  nuclear  localization 
signal  (Dobrosotskaya  et  al,  1997),  may  additionally 
function  in  the  nucleus,  perhaps  to  regulate  the 
transcription  of  certain  cellular  genes.  Again,  we  did 
not  detect  MAGI-1  in  the  nucleus  of  cells,  but  nuclear 
localization  may  occur  only  under  specific  conditions, 
as  has  been  reported  for  the  related  MAGUK-family 
protein  ZO-1  (Gottardi  et  al.,  1996).  Regardless  of 
where  in  the  cell  MAGI-1  functions,  however,  this 
cellular  factor  would  likely  be  inactivated  in  90RF1- 
expressing  cells,  as  we  found  that  90RF1  aberrantly 
sequesters  MAGI-1  in  the  cytoplasm  of  cells.  Also 
considering  that  90RF1  binds  strongly  to  MAGI-1 
PDZl  and  PDZ3,  90RF1  would  be  expected  to  block 
MAGI-1  from  complexing  with  the  normal  cellular 
targets  of  these  PDZ  domains.  Therefore,  aberrant 
sequestration  and  disruption  of  protein  complexes,  as 
well  as  perturbation  of  associated  protein  activities, 
may  all  be  envisioned  as  possible  mechanisms  by  which 
90RF1  could  inhibit  the  normal  functions  of  MAGI-1 
in  cells. 

Like  90RF1,  all  known  high-risk  HPV  E6  oncopro¬ 
teins  also  possess  a  carboxyl-terminal  PDZ  domain¬ 
binding  motif  (Lee  et  aL,  1997).  Significantly,  disrup¬ 
tion  of  the  PDZ  domain-binding  motif  of  16E6  renders 
this  viral  protein  transformation-defective  in  rat  3Y1 
fibroblasts  (Kiyono  et  al.,  1997).  As  infections  with 
high-risk  HPV- 16  and  HPV- 18  are  associated  with 
approximately  75%  of  cervical  carcinomas  (Bosch  et 
al,  1995),  our  finding  that  both  the  16E6  and  18E6 
oncoproteins,  but  not  the  low- risk  11E6  protein,  utilize 
their  carboxyl-terminal  PDZ  domain-binding  motif  to 
bind  the  PDZ-protein  MAGI-1  is  also  likely  to  be 
important.  This  idea  is  further  underscored  by  the  facts 
that  16E6  and  18E6  mutant  proteins  having  disrupted 
PDZ  domain-binding  motifs  fail  to  bind  MAGI-1  and 
that  the  wild-type  viral  proteins  do  not  complex  with 
the  related  MAGUK  proteins  ZO-1  (unpublished 
results)  and  ZO-2.  Such  specific  and  selective  interac¬ 
tions  suggest  that  the  ability  of  high-risk  HPV  E6 
oncoproteins  to  associate  with  MAGI-1  in  cells  may 
contribute  to  the  development  of  HPV-associated 
cancers  in  people. 

A  common  mechanism  by  which  the  oncoproteins  of 
DNA  tumor  viruses  promote  tumorigenesis  is  the 
inactivation  of  cellular  tumor  suppressor  proteins. 
For  example,  both  the  adenovirus  ElB  and  high-risk 
HPV  E6  oncoproteins  functionally  inactivate  the  tumor 
suppressor  protein  p53,  yet  by  distinct  mechanisms.  In 
this  regard,  ElB  sequesters  p53  in  an  inactive  state 
(Shenk,  1996),  whereas  high-risk  HPV  E6  targets  p53 
for  ubiquitin-mediated  proteolysis  (Howley,  1996). 
Likewise,  we  found  that  the  90RF1  oncoprotein 
sequesters  MAGI-1  in  the  cytoplasm  of  cells  whereas 
the  high-risk  HPV  E6  proteins  target  MAGI-1  for 
degradation  in  cells.  These  findings  argue  that 
adenovirus  E4-ORF1  and  high-risk  HPV  E6  oncopro¬ 
teins  similarly  inactivate  MAGI-1  by  distinct  mechan¬ 
isms.  As  MAGI-1  is  related  to  DLG  and  both  proteins 


are  selectively  targeted  by  two  otherwise  unrelated  viral 
oncoproteins,  it  seems  plausible  that  these  PDZ 
proteins  have  related  functions  in  cells.  Therefore,  we 
hypothesize  that  MAGI-1  similarly  functions  to 
suppress  inappropriate  cellular  proliferation  and, 
consequently,  represents  a  new  candidate  tumor 
suppressor  protein. 


Materials  and  methods 

Cells  and  cell  extracts 

CREF  (Fisher  et  al.,  1982),  TE85  (McAllister  et  al,  1971), 
and  COS-7  (Gluzman,  1981)  cell  lines  were  maintained  in 
culture  medium  (Dulbecco’s  Modified  Eagle  Medium  supple¬ 
mented  with  gentamicin  (20  //g/ml)  and  6  or  10%  fetal  bovine 
serum  (FBS)).  CREF  cell  pools  (group  16)  stably  expressing 
wild- type  or  mutant  90RF1  protein  (Weiss  et  al,  1997a),  as 
well  as  a  CREF  cell  pool  stably  expressing  an  influenza 
hemagglutinin  (HA)  epitope-tagged  90RF1  protein  (Weiss  et 
al,  1997b),  were  maintained  in  culture  medium  supplemented 
with  G418. 

Cell  extracts  were  prepared  in  either  RIPA  buffer  (50  mM 
Tris-HCl  pH  8.0,  150  mM  NaCl,  1%  (vol/vol)  Nonidet  P-40, 
0.5%  (wt/vol)  sodium  deoxycholate,  0.1%  (wt/vol)  sodium 
dodecyl  sulfate  (SDS))  or  NETN  buffer  (20  mM  Tris,  pH  8.0, 
100  mM  NaCl,  1  mM  EDTA,  0.5%  Nonidet  P-40  (vol/vol))  as 
described  previously  (Lee  et  al.,  1997).  Alternatively,  cells 
were  lysed  directly  in  sample  buffer  (0.15  M  Tris-HCl  pH  6.8, 
2%  (wt/vol)  SDS,  10%  (vol/vol)  glycerol,  1%  (vol/vol)  j?- 
mercaptoethanol,  0.0015%  (wt/vol)  bromophenol  blue).  For 
crude  cell-fractionation  assays,  the  pellet  obtained  after 
centrifugation  of  RIPA  buffer-lysed  cells  was  solublized  in 
sample  buffer  using  the  same  volume  originally  used  to  lyse 
the  cells  in  RIPA  buffer.  Protein  concentrations  of  cell 
extracts  were  determined  by  the  Bradford  assay  (Bradford, 
1976). 

Plasmids 

pCDNA3  (Invitrogen)  plasmids  coding  for  amino-terminal 
FLAG  epitope-tagged  mouse  MAGI-1  isoform  b  (MAGI- 
Ib),  MAGI-1  isoform  c  (MAGI-lc),  and  MAGI- lb  missing 
either  PDZl  (aa  453-549;  MAGI-lbAPDZl),  PDZ2  (aa 
625-702;  MAGI-lbAPDZ2),  or  PDZ3  (aa  796-875;  MAGI- 
lbAPDZ3),  as  well  as  pGEX-KG  (Pharmacia)  plasmids 
coding  for  MAGI-1  PDZl  (aa  431-545),  PDZ2  (aa  601- 
702),  PDZ4  (aa  925-1034),  or  PDZ5  (aa  1013-1116)  were 
generously  provided  by  Guy  James.  cDNA  sequences  coding 
for  MAGI-1  PDZ3  (aa  763-880)  were  amplified  by  PCR  and 
introduced  in-frame  with  the  glutathione  ^'-transferase  (GST) 
gene  of  pGEX-2T  to  make  pGEX-MAGI-lPDZ3.  pGEX-2T 
and  pGEX-2TK  plasmids  coding  for  wild-type  Ad5  and 
Ad  12  E4-ORF1  proteins  (50RF1  and  120RF1,  respectively), 
as  well  as  for  wild-type  or  mutant  90RF1  proteins  were 
described  previously  (Weiss  and  Javier,  1997).  The  cDNAs  of 
HPV- 18  E6  (18E6)  mutant  18E6-V158A,  wild-type  HPV- 16 
E6  (16E6),  and  mutant  16E6-T149D/L151A  were  introduced 
into  the  HindlW  and  EcoPA  sites  of  pSP64  (Promega)  to 
generate  pSP64-18E6-V158A,  pSP64-16E6,  and  pSP64-16E6- 
T149D/L151A,  respectively.  An  HA-epitope  tag  was  intro¬ 
duced  at  the  amino-terminus  of  MAGI- lb,  MAGI-lc, 
MAGI-1  A5PDZ  (aa  1-424),  16E6,  mutant  16E6-T149D/ 
LI 51  A,  and  canine  ZO-2  by  PCR  methods.  cDNAs  coding 
for  the  HA-epitope-tagged  MAGI-1  and  16E6  proteins  were 
introduced  between  the  Hin&lW  and  EcoKl  sites  of  CMV 
expression  plasmid  GWl  (British  Biotechnology)  to  generate 
GWl-HAMAGI-lb,  GWl-HAMAGMc,  GWl-HAMAGI- 
1A5PDZ,  GW1-HA16E6,  and  GW1-HA16E6-T149D/ 
LI 51  A.  The  HA-epitope-tagged  ZO-2  cDNA  was  introduced 
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into  the  Smal  site  of  GWl  to  generate  GWl-HAZO-2.  The 
deletions  of  pCDNA3-FLAGMAGI-lbAPDZl  and  pCDNA3- 
FLAGMAGI-lbAPDZB  were  subcloned  individually  or  in 
combination  into  GWl-HAMAGI-lb  to  generate  GWl- 
HAMAGMbAPDZl,  GWl-HAMAGMbAPDZ3,  and  GWl- 
HAMAGI-lbAPDZl +  3.  PCR  reactions  were  performed 
with  Pfu  polymerase  (Stratagene),  and  plasmids  were  verified 
by  restriction  enzyme  and  limited  sequence  analyses. 
Plasmids  GW1-HA18E6,  GW1-HA18E6-V158A,  GWl- 

HA11E6,  GWI-90RFlwt,  GW1-90RF1IIIA,  GW1-90R- 
FIIIIC,  GW1-90RF1IIID,  and  pSP64-18E6  were  described 
elsewhere  (Gardiol  et  aL,  1999). 

Antisera  and  antibodies 

Rabbit  polyclonal  antiserum  raised  to  the  unique  amino - 
terminal  region  of  MAGTl  (aa  2-140)  was  generously 
provided  by  Guy  James  (Dobrosotskaya  et  ai,  1997).  90RF1 
antiserum  was  described  previously  (Javier,  1994).  Commer- 
cially-available  FLAG  antibodies  (Santa  Cruz  Biotechnol¬ 
ogy),  12CA5  HA  monoclonal  antibodies  (BABCO; 
Boehringer  Mannheim),  normal  rabbit  IgG,  peroxidase- 
conjugated  goat  anti-rabbit  or  goat  anti-mouse  IgG  (South¬ 
ern  Biotechnology  Associates),  FITC-conjugated  goat  anti¬ 
rabbit  or  goat  anti-mouse  IgG  (Gibco  BRL),  or  Texas  red- 
conjugated  goat  anti-mouse  IgG  (Molecular  Probe)  were 
used. 

GST-pulldown,  immunoprecipitation,  and  immunoblot  assays 

GST-pulldown  and  immunoprecipitation  assays  were  per¬ 
formed  with  cell  extracts  in  RIPA  buffer  as  described 
previously  (Lee  et  al,  1997).  Immunoblot  assays  were  carried 
out  as  described  previously  (Weiss  et  al,  1996)  using  either 
90RF1  (1:5000),  HA  (0.2 /zg/ml),  or  MAGI-1  (1  ^wg/ml) 
primary  antibodies  and  either  horseradish  peroxidase-con¬ 
jugated  goat  anti-rabbit  IgG  or  goat  anti-mouse  IgG 
(1 : 5000)  secondary  antibodies.  Immunoblotted  assays  were 
developed  by  enhanced  chemiluminescence  (Pierce). 

Protein  blotting  assays 

Individual  MAGI-l  PDZ  domains  were  expressed  as  GST- 
fusion  proteins  in  bacteria,  purified  on  glutathione  sepharose 
beads  (Pharmacia)  (Smith  and  Corcoran,  1994),  separated  by 
SDS-polyacrylamide  gel  electrophoresis  (PAGE),  and  trans¬ 
ferred  to  a  nitrocellulose  membrane.  Methods  for  preparing 
radiolabeled  GST  fusion  probes  and  for  performing  protein 
blotting  assays  with  such  probes  have  been  described  (Lee  et 
al.,  1997). 

Immunofluorescence  microscopy  assays 

For  indirect  immunofluorescence  (IF)  microscopy  assays 
(Harlow  and  Lane,  1988),  cells  were  grown  on  coverslips, 
fixed  in  methanol  for  20  min  at  —  20°C,  blocked  in  IF  buffer 
(TBS  (50  mM  Tris-HCl  pH  7.5,  200  mM  NaCl)  containing 
10%  goat  serum  (Sigma))  for  1  h  at  RT  and,  then,  incubated 
with  either  MAGI-l  antibodies  (5  A^g/ml),  HA  antibodies 
(0.24  mg/ml)  or  normal  rabbit  IgG  (5  ^g/ml)  for  3  h  at  37°C. 
Cells  were  subsequently  washed  with  TBS,  blocked  as 
described  above,  incubated  with  either  FITC-conjugated  goat 
anti-rabbit  or  goat  anti-mouse  IgG  antibodies  (1:250)  or 
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Texas  red-conjugated  goat  anti-mouse  IgG  antibodies 
(1 : 250)  for  1  h  at  37°C,  and  washed  with  TBS.  All  antibodies 
were  diluted  in  IF  buffer.  Cells  were  visualized  by 
fluorescence  microscopy  using  a  Zeiss  Axiophot  microscope, 
and  images  were  processed  using  Adobe  PhotoShop  software. 


pCDNA3-FLAGMAGI-lc,  pSP64-18E6,  pSP64-18E6- 

V158A,  pSP64-16E6,  and  pSP64-16E6-Tl49D/L151A  plas¬ 
mids  were  transcribed  and  translated  in  vitro  using  the  TnT 
coupled  rabbit  reticulocyte  lysate  system  (Promega)  and 
50  pCi  p^S]-cysteine  (1200  Ci  mmol)  (Amersham),  according 
to  the  manufacturer’s  instructions.  The  amount  of  radio¬ 
activity  introduced  into  in  v?7ro-translated  proteins  per 
microliter  of  reaction  was  determined  by  resolving  an  aliquot 
of  each  reaction  by  SDS-PAGE  and  quantifying  CPM 
within  relevant  protein  bands  using  a  Storm  Molecular 
Dynamics  phosphorimager.  For  in  vzVro-degradation  assays,  a 
reaction  volume  equivalent  to  50  c.p.m.  of  in  v/7ro-translated 
FLAGMAGI-lc  protein  was  mixed  with  a  reaction  volume 
equivalent  to  250  c.p.m.  of  in  vZ/ro-translated  18E6,  18E6- 
V158A,  16E6,  or  16E6-T149D/L151A  protein.  All  assay 
volumes  were  equalized  with  a  water-primed  in  vitro- 
translation  reaction  and,  at  selected  time  points,  an  aliquot 
from  each  assay  mixture  was  removed  and  subjected  to 
immunoprecipitation  analysis.  Recovered  proteins  were 
resolved  by  SDS-PAGE  and  visualized  by  audioradiogra- 
phy. 


At  48  h  post-transfection,  COS-7  cells  were  incubated  with 
methionine-  and  cysteine- free  DMEM  containing  5% 
dialyzed  FBS  (5%  FBS-DMEM-MC)  for  30  min  and,  then, 
pulse  labeled  for  15  min  in  the  same  medium  containing 
0.2  mCi  ml  p^S]  EXPRESS  protein  label  (Dupont).  Follow¬ 
ing  several  washes  with  5%  FBS-DMEM-MC,  pulse 
radiolabeled  cells  were  chased  by  incubation  with  culture 
medium  containing  fivefold  excess  methionine  (15  mg/1)  for 
various  times,  harvested,  and  lysed  in  RIPA  buffer.  Cell 
extracts  were  subjected  to  immunoprecipitation  with  HA 
antibodies,  and  recovered  proteins  were  resolved  by  SDS- 
PAGE  and  visualized  by  autoradiography.  Amounts  of 
protein  immunoprecipitated  were  quantified  using  a  phos¬ 
phorimager. 
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Among  oncogenic  adenoviruses,  human  adenovirus  type  9  (Ad9)  is  unique  in  eliciting  exclusively  estrogen- 
dependent  mammaiy  tumors  in  rats  and  in  not  requiring  viral  El  region  transforming  genes  for  tumorige- 
nicity.  Instead,  studies  with  hybrid  viruses  generated  between  Ad9  and  the  closely  related  nontumorigenic  virus 
Ad26  have  roughly  localized  an  Ad9  oncogenic  determinant (s)  to  a  segment  of  the  viral  E4  region  containing 
open  reading  frame  1  (E4-ORF1),  E4-ORr2,  and  part  of  E4-ORF3.  Although  subsequent  findings  have  shown 
that  E4-ORF1  codes  for  an  oncoprotein  essential  for  tumorigenesis  by  Ad9,  it  is  not  known  whether  other  E4 
region  functions  may  similarly  play  a  role  in  this  process.  We  report  here  that  new  results  with  Ad9/Ad26 
hybrid  viruses  demonstrated  that  the  minimal  essential  Ad9  E4-region  DNA  sequences  include  portions  of  both 
E4-ORri  and  E4-ORF2.  Investigations  with  Ad9  mutant  viruses  additionally  showed  that  the  E4-ORF1  protein 
and  certain  E4-ORr2  DNA  sequences  are  necessaiy  for  Ad9-induced  tumorigenesis,  whereas  the  E4-ORr2  and 
E4-ORr3  proteins  are  not.  In  fact,  the  E4-ORF3  protein  was  found  to  antagonize  this  process.  Also  pertinent 
was  that  certain  crucial  nucleotide  dilfferences  between  Ad9  and  Ad26  within  E4-ORF1  and  E4-ORr2  were 
found  to  be  silent  with  respect  to  the  amino  acid  sequences  of  the  corresponding  proteins.  Furthermore, 
supporting  a  prominent  role  for  the  E4-ORF1  oncoprotein  in  Ad9-induced  tumorigenesis,  an  El  region- 
deficient  Ad5  vector  that  expresses  the  Ad9  but  not  the  Ad26  E4-ORF1  protein  was  tumorigenic  in  rats  and, 
like  Ad9,  promoted  solely  mammary  tumors.  These  findings  argue  that  the  E4-ORF1  oncoprotein  is  the  major 
oncogenic  determinant  of  Ad9  and  that  an  undefined  regulatory  element(s)  within  the  E4  region  represents  a 
previously  unidentified  second  function  likewise  necessary  for  tumorigenesis  by  this  virus. 


Human  adenoviruses,  which  are  classified  into  six  subgroups 
(A  through  F),  cause  a  variety  of  human  illnesses  associated 
with  infections  of  the  respiratory  and  gastrointestinal  tracts,  as 
well  as  the  eye  (15).  Athough  these  viruses  are  not  linked  to 
human  cancers,  a  subset  of  them,  including  all  subgroup  A  and 
B  viruses  and  two  members  of  the  subgroup  D  viruses,  have  the 
capacity  to  promote  tumors  in  rodents.  Following  subcutane¬ 
ous  inoculation  of  animals,  the  subgroup  A  and  B  viruses 
induce  undifferentiated  sarcomas  at  the  site  of  injection  (13), 
whereas  the  subgroup  D  viruses  Ad9  (adenovirus  serotype  9) 
and  Ad  10  cause  exclusively  estrogen-dependent  mammary  tu¬ 
mors  (1,  2,  17).  Furthermore,  it  has  been  established  that 
tumorigenesis  by  subgroup  A  and  B  viruses  relies  solely  on 
their  El  region-encoded  ElA  and  ElB  oncoproteins  (37).  On 
the  contrary,  we  have  shown  that  tumorigenesis  by  subgroup  D 
virus  Ad9  lacks  such  a  requirement  for  El  region-encoded 
gene  products  and  rather  depends  on  the  viral  E4  region- 
encoded  open  reading  frame  1  (E4-ORF1)  oncoprotein  (20, 
41).  Thus,  two  classes  of  oncogenic  human  adenoviruses  can  be 
distinguished  based  on  the  types  of  tumors  they  elicit  in  ani¬ 
mals  and  the  viral  oncoproteins  responsible  for  their  tumori¬ 
genic  potential. 
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One  rationale  for  studying  DNA  tumor  viruses  such  as  ad¬ 
enovirus  stems  from  the  fact  that  such  investigations  have 
contributed  greatly  to  our  understanding  of  mechanisms  re¬ 
sponsible  for  the  development  of  cancer  (9).  For  example,  the 
tumorigenic  potentials  of  the  nuclear  adenovirus  ElA  and  ElB 
oncoproteins,  as  well  as  the  nuclear  simian  virus  40  (SV40) 
large  T  antigen,  have  been  shown  to  depend  in  part  on  their 
abilities  to  complex  with  products  of  the  pRb  and  p53  tumor 
suppressor  genes  (16,  31),  two  of  the  most  commonly  mutated 
genes  in  human  cancers.  These  findings,  together  with  succeed¬ 
ing  studies  of  such  interactions,  have  proven  instrumental  in 
defining  functions  for  these  two  remarkably  important  tumor 
suppressor  proteins. 

While  the  mechanisms  underlying  the  tumor-promoting  ca¬ 
pacity  of  the  cytoplasmic  Ad9  E4-ORF1  polypeptide  have  not 
been  determined,  our  results  suggest  that  transformation  by 
this  viral  oncoprotein  depends  in  part  on  its  ability  to  complex 
with  a  select  group  of  cellular  PDZ  domain-containing  pro¬ 
teins,  including  DLG,  MUPPl,  and  MAGI-1  (11,  23,  24,  44). 
These  types  of  cellular  factors  generally  act  as  scaffolding  pro¬ 
teins  in  cell  signaling  (6,  8,  32),  yet  precise  functions  for  the 
Ad9  E4-ORFl-associated  PDZ  proteins  are  not  known.  Nev¬ 
ertheless,  DLG  is  a  functional  homologue  of  the  Drosophila 
discs  large  (dig)  tumor  suppressor  protein  (25,  28,  42)  and, 
significantly,  is  likewise  a  cellular  target  for  both  the  Tax  on¬ 
coprotein  of  human  T-cell  leukemia  virus  type  1  and  the  E6 
oncoproteins  of  high-risk  but  not  low-risk  human  papillomavi¬ 
ruses  (10,  21,  24,  40).  These  observations  hint  that  important 
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new  mechanisms  of  oncogenesis  may  be  uncovered  through 
studies  of  the  Ad9  tumor  model  system. 

A  prior  study  of  hybrid  viruses  generated  between  Ad9  and 
the  closely  related  nontumorigenic  subgroup  D  virus  Ad26  has 
shown  that  an  essential  determinant(s)  for  Ad9-induced  tu- 
morigenesis  is  encoded  somewhere  within  the  Ad9  E4  region 
DNA  sequences  encompassing  E4-ORF1,  E4-ORF2,  and  part 
of  E4-ORF3  (18).  The  experiments  reported  here  were  under¬ 
taken  to  establish  whether  the  genetic  differences  responsible 
for  the  disparate  tumorigenic  phenotypes  of  Ad9  and  Ad26 
map  to  one  or  more  of  these  three  E4  region  functions.  In  light 
of  the  fact  that  the  Ad9  E4-ORF1  oncoprotein,  but  not  the 
E4-ORF2  or  E4-ORF3  protein,  has  been  found  to  represent  a 
crucial  determinant  for  Ad9-induced  tumorigenesis  (20),  how¬ 
ever,  we  anticipated  that  all  pertinent  genetic  differences  be¬ 
tween  Ad9  and  Ad26  would  be  confined  to  E4-ORF1  DNA 
sequences.  We  report  that  new  results  with  Ad9/Ad26  hybrid 
viruses  unexpectedly  demonstrated  that  such  genetic  differ¬ 
ences  actually  localize  within  both  the  E4-ORF1  and  E4-ORF2 
coding  regions.  Additional  findings  presented  in  this  study 
indicated  that  although  the  E4-ORF1  protein  is  the  principal 
oncogenic  determinant  of  Ad9,  the  essential  E4-ORF1  and 
E4-ORF2  DNA  sequences  also  likely  define  a  previously  un¬ 
recognized  E4  region  regulatory  element(s)  similarly  necessary 
for  tumorigenesis  by  Ad9. 

MATERIALS  AND  METHODS 

Cells.  Human  293  (ATCC  CRL-1573)  and  A549  (ATCC  CCL-185)  cell  lines 
were  maintained  in  culture  medium  (Dulbecco’s  modified  Eagle  medium  sup¬ 
plemented  with  gentamicin  [20  |xg/ml]  and  10%  fetal  bovine  serum)  under  a 
humidified  5%  CO2  atmosphere  at  37°C. 

Construction  of  Ad5  recombinant  vectors.  El  region-deficient,  replication- 
defective  Ad5  recombinant  vectors  that  express  either  Ad9  or  Ad26  E4-ORF1 
from  a  cytomegalovirus  (CMV)  promoter-driven  cassette  or 

£//327/26E40RFi5  respectively)  were  constructed  as  described  previously  (35). 
Briefly,  Ad9  or  Ad26  E4-ORF1  coding  sequences  (nucleotides  [nt]  471  to  855) 
were  first  introduced  into  the  BairiRl  and  EcoKl  sites  of  the  CMV  expression 
cassette  situated  between  the  two  correctly  oriented  Ad5  DNA  fragments  0  to  1.3 
and  9.3  to  17  map  units  (mu)  within  plasmid  pACCMVpLpA  (12).  Ad5  recom¬ 
binant  vectors  were  generated  by  cotransfection  of  recombinant  pACCMVpLpA 
plasmids  and  B^/BI-digested  rf/327i3st (3-gal  virion  DNA  into  293  cells.  Resultant 
viral  plaques  failing  to  stain  blue  in  the  presence  of  X-Gal  (5-bromo-4-chloro- 
3-indolyl-(3-D-galactopyranoside)  were  isolated,  and  the  cloned  viruses  were  am¬ 
plified  and  titrated  on  293  cells.  Virion  DNAs  were  prepared  from  these  viruses 
as  described  previously  (41)  and  subjected  to  restriction  enzyme  analyses  to 
verify  proper  genomic  structures. 

Construction  of  Ad9/Ad26  hybrid  and  Ad9  mutant  viruses.  Two  different 
two-step  procedures  were  used  to  construct  Ad9/Ad26  hybrid  viruses.  First,  with 
the  use  of  common  restriction  enzyme  sites  or  by  PCR  methods,  Ad9/Ad26 
hybrid  E4  regions  were  assembled  either  within  plasmid  p26xbaiA  (18),  con¬ 
taining  the  Ad26  DNA  fragment  Xba\-A  (65  to  100  mu),  or  within  plasmid 
P26ecori{b+c).  containing  correctly  oriented  Ad26  DNA  fragments  EcoRI-C  (0 
to  7.5  mu)  and  EcoRI-B  (89.5  to  100  mu).  Second,  for  isolation  of  hybrid  viruses 
by  overlap  recombination  (5),  Ad9/Ad26  hybrid  p26xbaiA  plasmids  were  cotrans¬ 
fected  into  A549  cells  with  plasmid  p26EeoRi(A-hC)  containing  the  Ad26  DNA 
fragment  0  to  89.5  mu  (18).  Alternatively,  for  isolation  of  hybrid  viruses  from 
whole  virus  genome  plasmids  (41),  the  Ad26  virion-derived  DNA  fragment 
EcoRI-A  (7.5  to  89.5  mu)  was  introduced  in  the  correct  orientation  into  the 
unique  EcoRI  site  of  Ad9/Ad26  hybrid  p26ecori(b+c)  plasmids,  and  resultant 
infectious,  whole  virus  genome  p26ecori(a+b+c)  plasmids  were  transfected  into 
293  cells. 

For  construction  of  Ad9  mutant  viruses,  E4  region-containing  DNA  fragments 
were  mutated  either  by  disruption  of  appropriate  restriction  enzyme  sites  or  by 
PCR  methods.  With  the  use  of  convenient  restriction  enzyme  sites,  mutant  E4 
regions  were  subsequently  introduced  into  plasmid  p9ecori(b-i-c)  (41),  containing 
correctly  oriented  Ad9  DNA  fragments  EcoRI-B  (0  to  7.5  mu)  and  EcoRI-C  (95 
to  100  mu).  The  virion-derived  Ad9  DNA  fragment  EcoRI-A  (7.5  to  95  mu)  was 


subsequently  introduced  in  the  correct  orientation  into  the  unique  EcoRI  site  of 
P^ecoricb+c)  mutant  plasmids.  For  isolation  of  mutant  viruses,  resultant  infec¬ 
tious,  whole  virus  genome  p9ecori(a+b+c)  plasmids  were  transfected  into  293 
cells. 

Ad9/Ad26  hybrid  and  Ad9  mutant  viruses  were  amplified  and  titrated  in  either 
293  or  A549  cells  (19).  A  combination  of  limited  sequence  and  restriction 
enzyme  analyses  was  used  to  verify  the  genomic  structures  of  all  viruses. 

Tumor  assays.  One-  or  two-day-old  male  and  female  Wistar/Furth  rats  (Har¬ 
lan  Sprague-Dawley,  Indianapolis,  Ind.)  were  inoculated  subcutaneously  on  both 
flanks  with  the  indicated  dose  of  virus  and  then  monitored  for  tumors  over  an 
8-month  period  as  previously  described  (19).  Portions  of  tumors  were  either  fixed 
in  10%  neutral-buffered  formalin  for  histological  examination  or  frozen  at 
-80°C  for  DNA  and  protein  analyses.  Caring  and  handling  of  animals  were  in 
accordance  with  institutional  guidelines. 

Antisera,  cell  extracts,  and  immunoblot  assays.  Ad9  E4-ORF2  coding  se¬ 
quences,  PCR  amplified  with  primers  5'AGC  TGG  ATC  CAT  GCT  TCA  GCG 
ACG  CG3'  and  5'CGC  GAA  TTC  TCA  TAA  TAG  AAA  CAG  ATC  C3',  were 
introduced  between  the  BamHl  and  EcoRI  sites  of  plasmid  pGEX-2T  (Pharma¬ 
cia)  in  frame  with  the  glutathione  5-transferase  (GST)  gene.  GST-Ad9  E4- 
ORF2  fusion  protein  was  expressed  in  bacteria,  purified,  and  used  as  an  antigen 
to  generate  rabbit  polyclonal  antisera  (39), 

At  24  h  postinfection,  virus-infected  A549  or  293  cells  (10  PFU/cell)  were 
washed  in  ice-cold  phosphate-buffered  saline  and  lysed  in  sample  buffer  (0.065  M 
Tris-HCl  [pH  6.8],  2%  [wt/vol]  sodium  dodecyl  sulfate,  10%  [vol/vol]  glycerol, 
1%  [vol/vol]  p-mercaptoethanol,  0.0015%  [wt/vol]  bromophenol  blue).  Resultant 
cell  extracts  were  boiled  and  centrifuged  (16,000  X  g,  10  min).  Protein  concen¬ 
trations  of  these  cleared  cell  extracts  were  determined  by  the  Bradford  assay  (4). 
For  immunoblot  analyses,  proteins  from  cell  extracts  were  separated  by  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  and  electrotransferred  to 
polyvinylidene  difluoride  membranes,  which  were  sequentially  incubated  with 
blocking  buffer  (5%  nonfat  dry  milk  in  TBST  [50  mM  Tris-HCl  {pH  7.4},  200 
mM  NaCl,  2%  Tween  20]),  with  Ad9  E4-ORF1  antiserum  (20)  or  Ad9  E4-ORF2 
antiserum  (1:5,000  in  TBST),  and  then  with  horseradish  peroxidase-conjugated 
goat  anti-rabbit  immunoglobulin  G  secondary  antibodies  (Southern  Biotechnol¬ 
ogy  Associates).  Membranes  were  developed  by  enhanced  chemiluminescence 
(Pierce). 

PCR  assays.  Virion,  cellular,  and  tumor  DNAs  were  isolated  by  standard 
methods  (41).  PCR  amplifications  were  performed  with  Taq  polymerase  (Strat- 
agene)  as  recommended  by  the  manufacturer.  Ad9  E4-ORF1  expression  cassette 
and  Ad5  El  region  DNA  sequences  were  PCR  amplified  with  primer  pairs  Ad9 
E4-ORF1  [nt  471-494]  (5'ATG  GCT  GAA  TCT  CTG  TAT  GCT  TrC3')/SV40 
cassette  (5'GCG  GAA  TTC  TTC  AGG  GGG  AGG  TGT  GGG  AG3')  and  Ad5 
[nt  2504-2525]  (5'GCA  GCC  AGG  GGA  TGA  TTT  TGA  G3')/Ad5  [nt  3053- 
3075]  (5'CCT  CGC  AGT  TGC  CAC  ATA  CCA  TG3'),  respectively. 


RESULTS 

Tumorigenesis  by  Ad9  depends  on  DNA  sequences  located 
within  both  E4-ORri  and  E4-ORr2.  Our  previous  results  with 
Ad9/Ad26  hybrid  viruses  indicate  that  an  approximately  1.2-kb 
segment  of  the  Ad9  E4  region  encodes  a  determinant(s)  for 
tumorigenesis  by  Ad9  (Fig.  lA)  (18).  With  the  extreme  right 
end  of  the  adenovirus  genome  defined  as  nt  1,  this  segment 
extends  from  the  Nml  site  at  nt  299  to  the  Mlul  site  at  nt  1481 
(Fig.  IB).  These  sequences  either  partially  or  completely  code 
for  four  separate  functions,  including  the  E4  promoter/5'  un¬ 
translated  region,  E4-ORF1,  E4-ORF2,  and  E4-ORF3.  Addi¬ 
tionally,  alignment  of  these  Ad9  sequences  with  the  corre¬ 
sponding  Ad26  sequences  reveals  a  total  of  74  nucleotide 
differences  distributed  within  all  four  functional  elements  con¬ 
tained  in  the  defined  segment  (Fig.  IB).  Although  this  partic¬ 
ular  finding  fails  to  aid  more  precise  localization  of  the  Ad9  E4 
region  oncogenic  determinant(s),  we  have  previously  shown 
that  Ad9  E4-ORF1  codes  for  a  transforming  protein  (20,  46) 
and  that  expression  of  this  polypeptide  is  required  for  Ad9- 
induced  tumorigenesis  (20).  From  these  observations,  we  pos¬ 
tulated  that  specific  nucleotide  differences  within  the  E4- 
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I-#  Mrul 

290  300  310  320  330  340  350  360 

GCGGAAGTGTTlJ^^gAAAAACACCCAGGaOGTGTGTGTTTTTTTGGCGGGGTTTTTAGACCTTTGGTCATTACGTCA 

GCGGAAGTGTTTTCGCGA-AAAACACCCAGGGCGTGTGTGTTTTTTTGGCGGGGTTTTTAGACCTTTGGTCATTACGTCA 

TATA  box 

370  380  390  400  410  420  430  440 

GTGTM^T^CTTTO^I^^AGCTGGGTCAGTGGGTAGTCAGTCGCTGCTGTTGGCGCTTGTACTGCTGTGCTCTCT 

Acci  E4-OKF1  start 

450  460  470  480  490  500  510  520 

gggggrGGTAAGCGGGCTGAGC’I^EEGCTGAATCTCTGTATGCTTTCATAGATAGTCCTGGAGGGATCGCTCCCGTCCA 

gtctactggtaagcgggctgagctatggctgaatctctgtatgctttcatagatagccctggagggattgctcccgtcca 

maeslyafidspggiapvq 

530  540  550  560  570  580  590  600 

ggaagggactagcaatagatataccttcttttgccctgaatctttccacattcctccgcatggggtggtattgcttcacc 

GGAAGGGACTAGCAATAGATATACCrmTTTGCCCAGAATCTTTCCACATTCCTCCGCATGGGGTGGTTTTGGTTCACT 

egtsnrytffcpesfhipphgvvllh 

V 

Ad9  /ORFl-FSOL 
(Te48C) 

'i' 

610  620  630  640  650  660  670  680 

TAAAAGTGAGTGTGCTGG'rTCCTACTGGATATCAGGGCAGATTTATGGCCTTGAATGACTACCATGCCAGGGACATACTA 
TGAGAGTGAGCGTGCTGATTCCTAATGGCTACCAAGGCAGATTrATGGCCTTGAATGACTACCATTCCAGGGGCATACTA 


LKVSVLVPTGYQGRF 


ALNDYHARDIL 


Ad9/oRFi-N92i 

(A745T) 

690  700  710  720  730  740  750  760 

ACCCAGTCCGATGTGATCTTTGCTGGGAGAAGACAGGAGCTAACTGTGCTGCTCTTTAACCACACGGATCGA'rmTGTA 

TQSDVIFAGRRQELTVLLFNHTDRFLY 

DraHIJ. 

770  780 _  790  800  810  820  830  840 

TGTCCGCAAGGGCggg^HEGGTACCCTGTTGCTGGAGAGAGTGATTTTTCCTTCAGTAAAAATAGCCACCTTAGTTT 

TGTCCGAGAGGGCCACCCAGTGGGCACTTTGCTGCTGGAGAGAGTGATTTTTCCTTCAGTGAGACTGGCAACTCTGGTTT 

VRKGHPVGTLLLERVIFPSVKIATLV 


Ad9/ORF2-MlT 

(T890C) 

^E4-ORF2  Start 

890  900 


Ad9/oBr2-STOP 
(stops  aftar  nt  918) 
^Bralll 

910  920 


AGTg4feW<aaTn*TY;TGTTTTT(iaaACTCTCATCTCTACTAACCBggECTTCAGCGACGCGGTGTAAGCTACl^S)!WMiBaUC^ 

AGTGCATGCTTTCTGTTTTTCAGACTCTCATCTCTACTAACCATGCTTGAGCGACACGCTGTCAGCTACCACATTGTGGT 

«  MLQRRGVSYHIVV 

E  HA 

PptiHI 

930 _  940  950  960  970  980  990  1000 

CCCTGggaiWWIiiAGTGACTTATTTAGAGGACTTTTCTATTACGCAAATGATTAAAGAAAAACTACCACGCTTTATCACTC 

TCCTGGGGTCCTAGTGACTTATTTAGAGGACTTTTCTATTACTCAAATGATTAAAGAAAA'vCTACCTCGCTTTATCACTC 

PGVLVTYLEDFSITQMIKEKLPRFIT 

fTphX  Nhel 

1010  1020  1030  1040  1050  1060  1070  1080 

arATTTTVy2RRnfyATrArrcy;Ar;AGAGAAAGAGAGCTTATTCCAiaE6l[ggAGTTTTTCr^TlRli1>ft»MlTTTGGAGCATTA 
acctattggaaggcatcaccggtgacacaaagagagcttattccagcatgcagtttttgggtgctagctttggagcatta 


GDTKRAYSS 


qflgasfgal 


1090  1100  1110  1120  1130  1140  1150  1160 

aagtactcactcacgcttgccagtcccacgcttagccctggctctgaattgtcagctgtagtggctgaggacttgagtga 


KFSLTLAS 


tlspgselsavvaqdlsd 


1170  1180  1190  1200  1210  1220  1230  1240 

ctttttgcagctgacgctgagacgtgagctgagggcagagggcagaacctcattgaatcttgttgttttgaacacgctgc 
FLQLTLRRELRAEGRTLLNLVVLNTL 

s 

E4-ORr3  start 

1250  1260  1270  1280  1290  1300  1310  1320 

AGGTGGTGGAGCAGCAGGATCTGTTTCTA’ngEAAGGTCTGCCTQATTATGAAAGTGGAGGGGGCACTGTGGGAGC'm’ 

aggtggtggagcagcaggatctgtttctaatatgaaggtctgcctgattatgaaagtggagggggcgctgtgggaacttt 

QVVEQQDLFLL4 

I 

MKVCLIMKVEGALWEL 

1330  1340  1350  1360  1370  1380  1390  1400 

TCCACATGTGCGGAGTGGACTTACACCAACAATTTGTAGAGATAATTCAAGGCTGGAAAAATGAGAATTACCTGGGGATG 
TCCACATG'IGCGGAGTGGACTTACACCAACAATTTGTAGAAATAATCCAAGGCTGGAAAAATGAGAATTACCTGGGGATG 

FHMCGVDLHQQFVEI  IQGWKNENYLGM 

Ad9/ORr3-GTOP 
(Stop  after  nt  1481) 
^Mlul 

1410  1420  1430  1440  1450  1460  1470  1480 

GTGCAGGAATCTAACCTGATGATTGATGAAATCGATGGAGGGCCAGCCTTTAATGTGATTCTTATGCTGGATG'l^^^ 

gtgaatgagtctaacctgatgattgatgaaatcgatggaggtccagcctttaatgtgattcttatgctggatgtacgcgt 

VQECNLMIDEIDGGPAFNVILMLDVRV 


FIG.  1.  (A)  Illustration  of  the  Ad9  E4  region  showing  the  location  of  the  1.2-kb  segment  required  for  Ad9-induced  mammary  tumorigenesis. 
ITR,  inverted  terminal  repeat.  (B)  Alignment  of  E4  region  DNA  sequences  of  Ad9  (top)  and  Ad26  (bottom)  extending  from  nt  299  to  1481.  Within 
the  Ad9  DNA  sequences,  common  restriction  enzyme  sites  used  to  construct  Ad9/Ad26  hybrid  viruses,  the  E4  promoter  TATA  box,  the  initiator 
methionine  codons  of  E4  proteins,  and  a  putative  splice  acceptor  site  at  nt  868  used  to  generate  E4-ORF2  mRNAs  are  highlighted.  Shown  below 
the  DNA  sequences  are  the  amino  acid  sequences  of  Ad9  E4  proteins,  beneath  which  are  indicated  Ad26  amino  acid  residues  differing  from  those 
of  Ad9.  The  mutations  of  viruses  shown  in  Table  1  are  also  described.  Asterisks  denote  nucleotide  identity  between  the  Ad9  and  Ad26  DNA 
sequences. 


ORFl  genes  of  Ad9  and  Ad26  may  be  solely  responsible  for 
the  divergent  tumorigenic  phenotypes  of  these  viruses. 

We  initially  tested  this  idea  by  constructing  the  eight  differ¬ 
ent  Ad9/Ad26  hybrid  viruses  (group  1  hybrid  viruses)  shown  in 
Fig.  2 A.  Seven  of  these  viruses,  9/26-1  to  9/26-7,  have  an  Ad26 
genome  in  which  specific  blocks  of  the  E4  region  were  replaced 
by  equivalent  Ad9  sequences,  whereas  virus  9/26-8  has  an  Ad9 
genome  in  which  the  5'  half  of  E4-ORF2  was  replaced  by 
equivalent  Ad26  sequences.  To  determine  the  tumorigenic  po¬ 
tentials  of  these  viruses,  we  inoculated  newborn  rats  subcuta¬ 
neously  with  7  X  10^  PFU  of  each  virus  and  then  monitored 


the  animals  for  the  development  of  tumors  for  8  months.  In 
these  assays,  the  hybrid  viruses  behaved  identically  to  either 
the  tumorigenic  parental  virus  Ad9,  which  generates  solely 
mammary  tumors  in  100%  of  infected  female  rats,  or  the 
nontumorigenic  parental  virus  Ad26  (18). 

Among  the  wild-type  tumorigenic  hybrid  viruses  shown  in 
Fig.  2A,  virus  9/26-4  contained  the  least  amount  of  Ad9  E4 
region  DNA  sequences,  622  bp,  extending  from  the^ccl  site  at 
nt  447  to  the  Nhel  site  at  nt  1069  (Fig.  IB).  This  segment  of  the 
E4  region  contains  the  entire  E4-ORF1  gene,  a  40-bp  noncod¬ 
ing  region  between  the  E4-ORF1  and  E4-ORF2  genes,  and  the 
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5'  half  of  the  E4-ORF2  gene.  For  both  Ad9  and  Ad26,  addi¬ 
tional  methionine  codon-containing  E4-ORFs  having  the  ca¬ 
pacity  to  code  for  peptides  longer  than  15  residues  are  absent 
in  this  segment,  with  the  exception  of  nonconserved  Ad9  E4- 
ORFa  (nt  852  to  980,  ORFl)  which  potentially  expresses  a 
42-residue  polypeptide  (Fig.  2B).  Whereas  their  40-bp  noncod¬ 
ing  regions  e^ibit  100%  sequence  identity,  Ad9  and  Ad26 
display  39  nucleotide  differences  in  E4-ORF1  and  10  nucleo¬ 
tide  differences  in  the  defined  portion  of  E4-ORF2,  producing 
9  amino  acid  differences  in  the  E4-ORF1  protein  and  4  amino 
acid  differences  in  the  E4-ORF2  protein,  respectively  (Fig. 
IB).  It  was  also  noteworthy  that  hybrid  viruses  9/26-6  and 
9/26-5,  containing  only  the  corresponding  Ad9  E4-ORF1  or 
Ad9  E4-ORF2  sequences  of  tumorigenic  virus  9/26-4,  respec¬ 
tively,  were  nontumorigenic  in  rats  (Fig.  2A),  as  these  results 
suggested  that  Ad9-induced  tumorigenesis  depends  on  two 
separate  E4  region  functions.  Furthermore,  viruses  9/26-4, 
9/26-5,  and  9/26-6  similarly  expressed  wild-type  levels  of  the 
E4-ORF1  and  E4-ORF2  proteins  during  lytic  infections  of 
human  A549  cells  (Fig,  3). 

Because  it  was  surprising  to  uncover  a  requirement  for  E4- 
ORF2  DNA  sequences  in  tumorigenesis  by  Ad9,  we  performed 
a  deletion  mutation  analysis  of  the  220-bp  region  immediately 
downstream  of  E4-ORF1,  including  the  40-bp  noncoding  re¬ 
gion  (nt  849  to  888)  and  the  5'  half  of  E4-ORF2  (nt  889  to 
1069).  For  this  purpose,  we  engineered  three  different  Ad9 
deletion  mutant  viruses  (Ad9Ant852-1055,  Ad9Ant856-917, 
and  Ad9Ant919-1070)  (Fig.  4)  which,  consistent  with  their  de¬ 
letions,  expressed  approximately  wild-type  amounts  of  the  E4- 
ORFl  protein  in  A549  cells  yet  did  not  express  the  E4-ORF2 
protein  (Fig.  5).  The  results  of  experiments  examining  the 
tumorigenic  potentials  of  these  mutant  viruses  showed  that 
both  Ad9Ant852-1055  and  Ad9Ant856-917  failed  to  elicit  tu¬ 
mors,  whereas  Ad9Ant919-1070  exhibited  a  partially  tumori¬ 
genic  phenotype  in  that  it  generated  mammary  tumors  in  only 
60%  of  infected  females  (Fig.  4).  In  contrast,  wild-type  Ad9 
invariably  promotes  mammary  tumors  in  100%  of  infected 
females  (Fig.  4)  (17).  Moreover,  compared  to  wild-type  Ad9- 
induced  tumors,  the  tumors  elicited  by  virus  Ad9Ant9 19-1070 
showed  an  extended  latency  period  (4  to  5  months  versus  3 
months)  and  were  also  typically  smaller  (data  not  shown). 
These  results  with  mutant  viruses  provided  further  evidence 
indicating  that  a  previously  unrecognized  oncogenic  determi¬ 
nant  for  Ad9  is  located  within  the  220-bp  region  immediately 
downstream  of  E4-ORF1. 

The  Ad9  E4-ORF1  protein,  but  not  the  E4-ORF2  or  E4- 
ORr3  protein,  is  a  critical  oncogenic  determinant  for  Ad9.  As 

the  results  described  thus  far  demonstrated  a  requirement  for 
certain  E4-ORF2  DNA  sequences  in  Ad9-induced  tumorigen¬ 
esis,  we  were  prompted  to  reevaluate  a  possible  role  for  the 
E4-ORF2  protein  in  this  process.  For  this  purpose,  we  con¬ 
structed  two  different  Ad9  mutant  viruses  specifically  unable 
to  express  a  functional  E4-ORF2  polypeptide.  In  the  virus 
Ad9/oRF2-MiT5  the  E4-ORF2  initiator  methionine  codon  was 
changed  to  a  threonine  codon,  whereas  in  virus  Ad9/oRF2-sTOPj 
stop  codons  in  all  three  reading  frames  were  inserted  after 
E4-ORF2  histidine  codon  10  (Fig.  IB).  It  is  also  notable  that 
the  putative  42-amino-acid  residue  product  of  Ad9  E4-ORFa 
(Fig.  2B)  was  truncated  to  22  residues  in  virus  Ad9/oRP2.sTOP- 
As  controls,  we  engineered  three  additional  Ad9  mutant 


viruses,  Ad9/Qj^pj^_j^P2i?  -^^9/orfi-f6ol?  ^^^/orf3-stop* 
Ad9/oRFi-N92i  carries  the  N92I  mutant  E4-ORF1  gene,  which 
is  transformation  defective  due  to  unstable  protein  expression, 
whereas  Ad9/Qj^pj^_pgQP  carries  the  F60L  mutant  E4-ORF1 
gene,  which  expresses  a  transformation-proficient  protein  (Fig. 
IB)  (43).  In  addition,  Ad9/QRp2_5'j’Qp  has  a  4-bp  deletion 
within  the  Mlu\  site  at  nt  1481,  thereby  truncating  the  117- 
residue  E4-ORF3  polypeptide  to  a  68-residue  amino-terminal 
peptide  (Fig.  IB).  This  mutation  is  identical  to  that  of  mutant 
hybrid  virus  mMluI  reported  previously  (20). 

The  results  of  experiments  assessing  the  tumorigenic  poten¬ 
tials  of  these  Ad9  mutant  viruses  are  presented  in  Table  1.  We 
found  that  despite  their  inability  to  express  the  E4-ORF2  pro¬ 
tein  (Fig.  5),  viruses  Ad9/oRF2-MiT  and  Ad9/oRF2-sTop  dis¬ 
played  wild-type  tumorigenic  phenotypes  in  rats.  Sequencing 
of  E4-ORF2  genes  PCR  amplified  from  tumor  DNAs  con¬ 
firmed  that  the  tumors  were  caused  by  these  mutant  viruses 
and  that  their  mutations  had  not  reverted  (data  not  shown). 
The  findings  with  E4-ORF2  mutant  viruses  differed  from  those 
obtained  with  virus  Ad9/oRpi.N92i,  in  which  a  specific  failure 
to  express  the  E4-ORF1  protein  (Fig.  5)  led  to  a  nontumori¬ 
genic  phenotype.  The  latter  result  was  specific  because  virus 
Ad9/oRFi-F60L^  which  expressed  wild-type  levels  of  its  transfor¬ 
mation-proficient  E4-ORF1  protein  (Fig.  5),  displayed  wild- 
type  tumorigenicity  in  animals.  Though  Ad9/oRF3-sTOP  was 
likewise  tumorigenic  in  rats,  mammary  tumors  promoted  in 
females  by  this  virus  arose  with  a  shortened  latency  period 
compared  to  tumors  induced  by  wild-type  Ad9  (2  months  ver¬ 
sus  3  months).  Similar  results  have  been  reported  for  virus 
zVzlMluI  (20).  Interestingly,  Ad9/QRF3_g'pQp  also  generated  mam¬ 
mary  tumors  in  all  of  the  male  rats  with  a  5-month  latency 
period.  Introducing  an  identical  E4-ORF3  mutation  into 
Ad26,  however,  did  not  confer  it  with  a  tumorigenic  phenotype 
(data  not  shown).  While  exhibiting  substantially  enhanced  tu¬ 
morigenicity  in  rats,  virus  Ad9/oRF3-sTOP  expressed  wild-type 
rather  than  elevated  levels  of  the  E4-ORF1  protein  in  A549 
cells  (Fig.  5).  These  findings  with  Ad9  mutant  viruses  corrob¬ 
orated  and  extended  our  previous  results  indicating  a  require¬ 
ment  for  the  E4-ORF1  protein,  but  not  for  the  E4-ORF2  and 
E4-ORF3  proteins,  in  tumorigenesis  by  Ad9  (20). 

Evidence  that  an  undefined  regulatory  elenient(s)  repre¬ 
sents  a  second  E4  region  oncogenic  determinant  for  Ad9.  As 
results  with  hybrid  viruses  showed  that  tumorigenesis  by  Ad9 
depends  in  part  on  DNA  sequences  within  the  5'  half  of  E4- 
ORF2  (Fig.  2A),  we  were  interested  in  identifying  the  crucial 
nucleotide  differences  between  Ad9  and  Ad26  in  this  region. 
For  this  purpose,  we  constructed  five  different  Ad9/Ad26  hy¬ 
brid  viruses  (group  2  hybrid  viruses)  having  a  wild-type  tumor¬ 
igenic  virus  9/26-4  genome  (Fig.  2A)  in  which  specific  segments 
of  the  Ad9  E4-ORF2  sequences  were  replaced  by  equivalent 
Ad26  sequences  (viruses  9/26-9  to  9/26-13)  (Fig.  6).  In  A549 
cells,  two  of  these  hybrid  viruses  (9/26-11  and  9/26-12)  ex¬ 
pressed  wild-type  levels  of  the  E4-ORF1  and  E4-ORF2  pro¬ 
teins,  but  the  remaining  three  hybrid  viruses  (9/26-9,  9/26-10, 
and  9/26-13)  expressed  lower  levels  of  both  polypeptides  (Fig. 
3).  Despite  expressing  reduced  amounts  of  the  E4-ORF1  and 
E4-ORF2  proteins,  however,  virus  9/26-9  showed  wild-type 
tumorigenicity  following  inoculation  into  rats,  whereas  the  re¬ 
maining  four  hybrid  viruses  were  found  to  be  nontumorigenic 
(Fig.  6). 
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The  results  with  these  group  2  hybrid  viruses  implicated  two 
separate  E4-ORF2  segments,  nt  850  to  916  and  932  to  993,  in 
tumorigenesis  by  Ad9.  An  important  role  for  the  nt  850-916 
segment  was  demonstrated  by  the  fact  that  replacing  these  Ad9 
sequences  of  tumorigenic  virus  9/26-4  with  equivalent  Ad26 
sequences  resulted  in  nontumorigenic  virus  9/26-12  (Fig.  6).  In 
this  66-bp  segment,  Ad9  and  Ad26  display  four  nucleotide  and 
three  amino  acid  differences  at  the  amino  terminus  of  the 
E4-ORF2  polypeptide  (Fig.  IB).  The  nt  932-993  segment  was 
likewise  important  because  replacing  these  Ad9  sequences  of 
tumorigenic  viruses  9/26-4  and  9/26-9  with  equivalent  Ad26 
sequences  resulted  in  nontumorigenic  viruses  9/26-13  and  9/26- 
10,  respectively  (Fig.  6).  Significantly,  in  this  61-bp  segment, 
Ad9  and  Ad26  display  two  nucleotide  differences  (nt  969  and 
993),  both  of  which  are  silent  with  respect  to  the  amino  acid 
sequence  of  the  E4-ORF2  polypeptide  (Fig.  IB). 

A  similar  strategy  was  used  to  identify  crucial  nucleotide 
differences  between  Ad9  and  Ad26  within  the  essential  E4- 
ORFl  sequences.  In  this  case,  we  constructed  five  different 
Ad9/Ad26  hybrid  viruses  (group  3  hybrid  viruses)  having  a 
wild-type  tumorigenic  virus  9/26-4  genome  (Fig.  2A)  in  which 
specific  segments  of  the  Ad9  E4-ORF1  gene  were  replaced  by 


FIG.  2.  (A)  Genomic  structures  and  tumorigenic  potentials  of 
group  1  Ad9/Ad26  hybrid  viruses.  Newborn  rats  were  inoculated  sub¬ 
cutaneously  on  each  flank  with  a  total  of  7  X  10^  PFU  of  the  indicated 
virus,  and  the  animals  were  monitored  for  tumor  formation  over  an 
8-month  period.  Filled  and  open  genomic  regions  depict  Ad9  and 
Ad26  DNA  sequences,  respectively;  restriction  enzyme  sites  used  to 
construct  these  hybrid  viruses  are  indicated.  The  two  vertical  dashed 
lines  delimit  the  segment  of  the  Ad9  E4  region  shown  by  results  with 
these  hybrid  viruses  to  be  essential  for  tumorigenesis  by  Ad9.  nd,  not 
determined;  ITR,  inverted  terminal  repeat.  (B)  ORF  maps  spanning 
the  E4-ORF1  and  E4-ORF2  DNA  sequences  of  Ad9  and  Ad26.  The 
three  reading  frames  (1,  2,  and  3)  of  the  E4  region  sense  strand  are 
shown.  Darkly  shaded  regions  highlight  E4-ORF1  and  E4-ORF2  cod¬ 
ing  sequences,  whereas  the  lightly  shaded  region  covers  the  622-bp 
essential  E4  region  segment  extending  from  nt  447  to  1069.  Vertical 
lines  segmenting  each  reading  frame  indicate  stop  codons,  whereas 
shorter  vertical  ticks  denote  methionine  codons.  Asterisks  mark  the 
initiator  methionine-codons  of  E4-ORF1  and  E4-ORF2. 


equivalent  Ad26  sequences  (viruses  9/26-14  to  9/26-18)  (Fig. 
7).  After  inoculation  into  rats,  these  hybrid  viruses  manifested 
one  of  three  distinct  phenotypes,  including  wild-type  tumori- 
genicity  (virus  9/26-14),  partial  tumorigenicity  (viruses  9/26-15 
and  9/26-18),  or  nontumorigenicity  (viruses  9/26-16  and  9/26- 
17)  (Fig.  7).  In  addition,  though  possessing  diminished  tumor¬ 
igenic  potentials,  the  latter  four  viruses  were  found  to  express 
wild-type  amounts  of  the  E4-ORF1  protein  in  A549  cells  (Fig. 
3). 

The  results  with  these  group  3  hybrid  viruses  revealed  in¬ 
volvement  of  two  separate  E4-ORF1  segments,  nt  596  to  780 
and  nt  780  to  850,  in  tumorigenesis  by  Ad9.  The  importance  of 
the  nt  596-780  segment  was  shown  by  the  fact  that  replacing 
these  Ad9  sequences  of  tumorigenic  virus  9/26-14  with  equiv¬ 
alent  Ad26  sequences  resulted  in  nontumorigenic  virus  9/26-16 
(Fig.  7).  The  partially  tumorigenic  phenotype  of  virus  9/26-15 
further  suggested  that  crucial  nucleotide  differences  within  E4- 
ORFl  are  distributed  both  upstream  and  downstream  of  nt 
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FIG,  3.  Expression  of  E4-ORF1  and  E4-ORF2  proteins  by  Ad9/ 
Ad26  hybrid  viruses.  Cell  extracts  were  prepared  from  human  A549 
cells  mock  infected  or  lytically  infected  with  the  indicated  virus  (10 
PFU/cell,  24  h  postinfection)  and  then  subjected  to  immunoblot  anal¬ 
yses  with  antisera  raised  against  either  an  Ad9  E4-ORF1  or  Ad9 
E4-ORF2  fusion  protein.  The  E4-ORF1  and  E4-ORF2  proteins  have 
molecular  masses  of  14  and  14.5  kDa,  respectively. 


672.  In  the  defined  184-bp  segment,  Ad9  and  Ad26  display  23 
nucleotide  and  7  amino  acid  differences  in  the  middle  of  the 
E4-ORF1  polypeptide  (Fig.  IB). 

The  nt  780-850  segment,  on  the  other  hand,  was  implicated 
by  the  fact  that  replacing  these  Ad9  sequences  of  tumorigenic 
virus  9/26-4  with  equivalent  Ad26  sequences  resulted  in  non- 
tumorigenic  virus  9/26-17  (Fig,  7).  In  this  70-bp  segment,  Ad9 
and  Ad26  display  12  nucleotide  differences,  three  of  which 
produce  two  amino  acid  differences  near  the  carboxyl  terminus 
of  the  E4-ORF1  polypeptide  (Fig.  IB).  Virus  9/26-18  was  con¬ 
structed  to  distinguish  whether  the  three  amino  acid-altering 
nucleotide  differences  (nt  829,  831,  and  833)  or  the  remaining 
nine  silent  nucleotide  differences  in  this  segment  of  E4-ORF1 
were  important.  In  this  regard,  virus  9/26-18  is  identical  to 
nontumorigenic  virus  9/26-17  except  that  the  three  Ad26-de- 


rived  amino  acid-altering  nucleotides  of  virus  9/26-17  are  con¬ 
verted  to  the  respective  Ad9  nucleotides  in  virus  9/26-18.  Con¬ 
versely,  virus  9/26-18  is  likewise  identical  to  wild-type 
tumorigenic  virus  9/26-4  except  that  the  nine  Ad9-derived  si¬ 
lent  nucleotides  of  virus  9/26-4  are  replaced  with  the  respective 
Ad26  nucleotides  in  virus  9/26-18  (Fig.  IB  and  7).  Therefore, 
the  fact  that  virus  9/26-18  exhibited  a  partially  tumorigenic 
phenotype  in  rats  (Fig.  7)  suggested  that  both  amino  acid- 
altering  and  silent  nucleotide  differences  in  E4-ORF1  contrib¬ 
ute  to  the  divergent  tumorigenic  phenotypes  of  Ad9  and  Ad26. 

Collectively,  our  findings  with  group  2  and  group  3  hybrid 
viruses  revealed  that  amino  acid-altering  nucleotide  differ¬ 
ences  in  E4-ORF1,  as  well  as  silent  nucleotide  differences  in 
both  E4-ORF1  and  E4-ORF2,  are  responsible  for  the  diver¬ 
gent  tumorigenic  phenotypes  of  Ad9  and  Ad26.  The  observed 
role  for  silent  nucleotide  differences,  together  with  results 
demonstrating  that  the  E4-ORF2  polypeptide  is  dispensable 
for  tumorigenesis  by  Ad9  (Table  1),  suggested  that  an  unde¬ 
fined  E4  region  regulatory  element(s),  rather  than  a  protein 
function,  represents  a  second  determinant  for  Ad9-induced 
tumorigenesis  (see  Discussion). 

The  E4-ORF1  oncoprotein  is  the  major  oncogenic  determi¬ 
nant  of  Ad9.  Compared  with  other  oncogenic  adenoviruses, 
Ad9  is  unique  both  in  targeting  tumorigenesis  to  the  mammary 
glands  of  animals  and  in  having  the  E4-ORF1  protein  as  an 
oncogenic  determinant  (17,  18,  20),  Considering  these  obser¬ 
vations,  we  hypothesized  that  the  strict  propensity  of  Ad9  to 
promote  mammary  tumors  may  be  largely  due  to  unique  ac¬ 
tivities  associated  with  its  E4-ORF1  oncoprotein.  This  ques¬ 
tion  was  addressed  by  examining  whether  an  otherwise  nontu¬ 
morigenic  subgroup  C  human  adenovirus  (Ad5)  that  is 
engineered  to  express  the  Ad9  E4-ORF1  oncoprotein  would 
become  tumorigenic  and,  if  so,  whether  this  virus  would  also 
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FIG.  4.  Genomic  structures  and  tumorigenic  potentials  of  Ad9  deletion  mutant  viruses.  Methods  for  determining  the  tumorigenicity  of  viruses 
are  described  in  the  legend  to  Fig.  2A.  Filled  and  hatched  genomic  regions  represent  Ad9  and  deleted  DNA  sequences,  respectively;  locations  of 
restriction  enzyme  sites  used  to  create  these  deletions  are  indicated.  The  two  vertical  dashed  lines  delimit  the  220-bp  region  immediately 
downstream  of  E4-ORFi  implicated  in  Ad9-induced  tumorigenesis  by  results  with  group  1  hybrid  viruses  (Fig.  2A).  ITR,  inverted  terminal  repeat. 
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FIG.  5.  Expression  of  E4-ORF1  and  E4-ORF2  proteins  by  Ad9 
mutant  viruses.  Immunoblot  analyses  used  to  detect  E4-ORF1  and 
E4-ORF2  proteins  in  extracts  of  A549  cells  mock  infected  or  lytically 
infected  with  the  indicated  virus  (10  PFU/cell,  24  h  postinfection)  were 
carried  out  as  described  in  the  legend  to  Fig.  3. 


acquire  the  unique  capacity  to  elicit  exclusively  mammary  tu¬ 
mors  in  animals. 

Because  El  region  transforming  functions  of  Ad9  are  dis¬ 
pensable  for  its  tumorigenic  potential  (41),  we  chose  to  utilize 
the  Ad5  recombinant  vector  ^//327g3tP-gal,  in  which  the  Ad5 
El  region  genes  are  deleted  and  replaced  by  a  lacZ  expression 
cassette  (35).  By  replacing  the  lacZ  cassette  of  this  Ad5  vec¬ 
tor  with  CMV  promoter-driven  Ad9  E4-ORF1  and  Ad26 
E4-ORF1  cassettes,  we  isolated  viruses  dB21  j 
i7/327/26E40RFiJ  respectively  (Fig.  8A).  Because  our  main  in¬ 
terest  was  to  investigate  the  E4-ORF1  protein  determinant  in 
these  experiments,  the  expression  cassettes  contained  only 
E4-ORF1  coding  sequences  and  therefore  lacked  sequences 
downstream  of  this  gene.  Using  our  Ad9  E4-ORF1  antiserum, 
which  reacts  with  subgroup  D  but  not  subgroup  C  adenovirus 
E4-ORF1  proteins  (45),  we  detected  heterologous  E4-ORF1 
protein  expression  by  both  <i/327/9E40RFi  ^^^327/26E4orfi 

but  not  by  c//327B3tp-gal  during  lytic  infections  of  human  293 
cells  (Fig.  8B),  a  cell  line  that  complements  the  replication 
defects  of  such  Ad5  vectors  by  stably  expressing  Ad5  El  re¬ 
gion  gene  products  (14).  Also  noteworthy  was  that  the  E4- 
ORFl  protein  levels  observed  for  both  and 

(i/327/26E40RFi  ill  thQSQ  assays  are  substantially  higher  than 
those  achieved  by  wild-type  Ad9  after  infection  of  293  cells  at 
the  same  multiplicity  of  infection  (data  not  shown). 

Following  subcutaneous  inoculation  of  newborn  rats  with 
7  X  10'^  PFU  of  each  Ad5  vector,  we  found  that  dl327^^^P- 
gal  and  ^/327/26E4orfi  failed  to  induce  tumors,  whereas 
dl321lgp40RFi  generated  tumors  in  all  of  the  females  (3-month 
tumor  latency)  and  in  one  male  (5-month  tumor  latency)  (Fig. 
8A).  As  somewhat  lower  E4-ORF1  protein  expression  was 
observed  for  dl321  I26'E40f.fi  fban  for  dl321 ! gp^py^^Fi  (^i§* 
we  also  demonstrated  that  rats  inoculated  with  a  10- fold- 
higher  dose  of  ^//327/26E4orfi  likewise  failed  to  develop  tu¬ 
mors  of  any  kind  (Fig.  8A).  More  important,  histological  anal¬ 
yses  of  the  c//327/9E40RFi-induced  male  and  female  tumors 
indicated  that  they  were  exclusively  mammary  fibroadenomas, 
identical  to  those  generated  by  wild-type  Ad9  (Fig.  9A)  (17). 
Virus  i//327/9E40RFi  rather  than  a  wild-type  Ad9  contaminant 
promoted  these  tumors  because,  using  primers  specific  for  the 
Ad9  E4-ORF1  cassette  of  ^//327/9E4orfi»  we  succeeded  in 
PCR  amplifying  the  predicted  700-bp  product  from  DNAs  of 
rf/327/9E40RFi"li^<^riced  tumors  but  not  from  DNA  of  an  Ad9- 
induced  tumor  or  CREF  cells  (Fig.  9B).  Additional  results  also 
showed  that  ^/327/9E40RFi-induced  tumors  express  the  Ad9 
E4-ORF1  protein  at  levels  slightly  above  those  seen  in  wild- 


type  Ad9-induced  tumors  (data  not  shown).  An  inability  to 
PCR  amplify  a  540-bp  Ad5  El  region  product  from  these 
tumor  DNAs  also  confirmed  that  the  tumorigenic  potential  of 
dl321lgp40F.Fi  is  not  dependent  on  Ad5  El  region  functions 
(Fig.  9C).  These  findings  are  significant  in  demonstrating  that 
an  otherwise  nontumorigenic  El  region-deficient  Ad5  vector 
that  heterologously  expresses  the  Ad9  E4-ORF1  oncoprotein 
not  only  becomes  tumorigenic  but  also  promotes  solely  mam¬ 
mary  tumors  like  those  induced  by  wild-type  Ad9. 

DISCUSSION 

The  work  presented  in  this  paper  was  undertaken  to  pre¬ 
cisely  define  the  E4  region  DNA  sequences  that  determine 
mammary  tumorigenesis  by  Ad9.  Findings  with  Ad9/Ad26  hy¬ 
brid  viruses  and  Ad9  mutant  viruses  localized  these  essential 
DNA  sequences  to  portions  of  both  E4-ORF1  and  E4-ORF2 
(Fig.  2A  and  4).  We  also  showed  that  abrogating  E4-ORF1 
protein  expression  by  introducing  a  single  nucleotide  substitu¬ 
tion  into  the  E4-ORF1  gene  of  Ad9  abolished  its  tumorigenic 
potential  (virus  Ad9/oRFi-N92i)  whereas,  conversely,  maintain¬ 
ing  transformation-competent  E4-ORF1  protein  expression  by 
introducing  a  different  nucleotide  substitution  into  the  E4- 
ORFl  gene  of  Ad9  preserved  its  wild-type  tumorigenic  poten¬ 
tial  (virus  Ad9/oRFi-F60L)  (Fig-  5;  Table  1).  These  results  dem¬ 
onstrate  an  absolute  requirement  for  the  Ad9  E4-ORF1 
oncoprotein  in  tumorigenesis  by  Ad9.  Results  with  Ad9/Ad26 
hybrid  viruses  further  suggested  that  certain  amino  acid  differ¬ 
ences  between  the  E4-ORF1  polypeptides  of  Ad9  and  Ad26 
contribute  to  the  dramatically  divergent  tumorigenic  pheno¬ 
types  of  these  viruses  (Fig.  7).  Because  Ad9  and  Ad26  E4- 
ORFl  expression  plasmids  display  similar  transforming  poten¬ 
tials  in  CREF  rat  embryo  fibroblasts  in  vitro  (unpublished 
results)  (18),  we  hypothesize  that  such  amino  acid  differences 
cause  the  Ad26  E4-ORF1  protein  to  have  stability  or  perhaps 
functional  deficiencies  specifically  in  cells  of  the  rat  mammary 
gland.  Alternatively,  similar  to  the  Ad5  ElA  protein  (22),  the 
Ad26  E4-ORF1  protein  may  provoke  a  strong  inflammatory 


TABLE  1.  The  E4-ORF1  oncoprotein  but  not  the  E4-ORF2  or 
E4-ORF3  protein  is  required  for  mammary 
tumorigenesis  by  Ad9" 


Virus* 

No.  of  rats  that  developed 
tumors/no.  infected 

Females 

Males 

Wild-type 

Ad9 

3/3 

0/2 

E4-ORF1  mutants 
Ad9/oRFl-N92I 
Ad9/oRFl-F60I. 

0/5 

4/4 

0/4 

0/3 

E4-ORF2  mutants 

Ad9/ ORF2-M1T 

Ad9/oRF2-STOP 

5/5 

13/13 

0/5 

0/3 

E4-ORF3  mutant 
Ad9/oRF3-STOP 

3/3 

3/3 

Methods  for  determining  tumorigenicity  are  detailed  in  the  legend  to  Fig. 
2A. 

*  Mutations  are  described  in  Fig.  IB. 
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Virus 

Ad9 

Ad26 

9/26-9 

9/26-10 

9/26-11 

9/26-12 

9/26-13 


Ad9 

sequences 

Ism 

all 

none 

447-993 

447-932 

447-916 

447-850, 

916-1069 

447-932, 

994-1069 


4/4  0/3 
0/4  0/3 
0/6  0/2 
0/6  0/3 
0/4  0/3 


Genomic  structures  and  tumorigenic  potentials  of  group  2  Ad9/Ad26  hybrid  viruses.  Methods  for  determining  the  tumorigenicity  of 
viruses  are  described  in  the  legend  to  Fig.  2A.  Filled  and  open  genomic  regions  represent  Ad9  and  Ad26  sequences,  respectively;  locations  of 
restriction  enzyme  sites  or  PCR  primers  used  to  construct  these  hybrid  viruses  are  indicated.  The  two  vertical  dashed  lines  delimit  the  220-bp  region 
immediately  downstream  of  E4-ORF1  implicated  in  Ad9-induced  tumorigenesis  by  results  with  group  1  hybrid  viruses  ('Fie  2A')  ITR  inverted 
terminal  repeat.  r  ^  ^  , 


response,  leading  to  clearance  of  infected  cells.  With  respect  to 
the  essential  Ad9  DNA  sequences  identified  within  E4-ORF2, 
however,  results  with  mutant  viruses  indicated  that  the  E4- 
ORF2  polypeptide  is  dispensable  for  Ad9-induced  tumorigen¬ 


esis  (Table  1).  Taken  together,  these  findings  argue  that  the 
tumorigenic  potential  of  Ad9  depends  on  two  separate  E4 
region  determinants,  only  one  of  which  represents  a  protein 
function. 


9/26-14  596-1069 

9/26-15  672-1069 


9/26-16  780-1069 


9/26-17 

9/26-18 


447-780, 

850-1069 

447-780, 
829,  831,833 
850-1069 


FIG.  7.  Genomic  structures  and  tumorigenic  potentials  of  group  3  Ad9/Ad26  hybrid  viruses.  Methods  for  determining  the  tumorigenicity  of 
viruses  are  described  in  the  legend  to  Fig.  2A.  Filled  and  open  genomic  regions  represent  Ad9  and  Ad26  sequences,  respectively  locations  of 
restriction  enzyme  sites  or  PCR  primers  used  to  construct  these  hybrid  viruses  are  indicated.  The  two  vertical  dashed  lines  delimit  the  403-bp 
E4-ORF1  region  implicated  in  Ad9-induced  tumorigenesis  by  results  with  group  1  hybrid  viruses  (Fig.  2A).  ITR,  inverted  terminal  repeat. 
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Supporting  the  existence  of  a  nonprotein  oncogenic  deter- 
minant  in  the  Ad9  E4  region,  results  with  Ad9/Ad26  hybrid 
viruses  revealed  that  silent  nucleotide  differences  with  respect 
to  the  E4-ORF1  and  E4-ORF2  polypeptides  are  also  partly 
responsible  for  the  divergent  tumorigenic  phenotypes  of  Ad9 
and  Ad26  (Fig.  6  and  7).  With  respect  to  other  potentially 
important  protein-encoding  ORFs  within  the  essential  E4  re¬ 
gion  DNA  sequences,  Ad9  E4-ORFa  is  the  only  one,  besides 
E4-ORF1  and  E4-ORF2,  capable  of  encoding  a  peptide  larger 
than  15  residues  (Fig.  2B).  The  fact  that  a  stop  codon  inter¬ 
rupted  Ad9  E4-ORFa  in  tumorigenic  virus  Ad9/oRF2-sTOP> 
however,  argues  against  a  role  for  this  ORF  in  Ad9-induced 
tumorigenesis.  Therefore,  we  postulate  that  the  essential  Ad9 
sequences  define  a  novel  E4  region  regulatory  element(s) 
which,  like  the  Ad9  E4-ORF1  oncoprotein,  is  also  necessary 
for  Ad9-induced  tumorigenesis. 

For  tumorigenic  virus  9/26-9,  it  was  shown  that  only  two 
silent  substitutions,  at  nt  969  and  993,  in  E4-ORF2  are  re¬ 
quired  to  produce  nontumorigenic  virus  9/26-10  (Fig.  6).  This 
finding  indicates  that  these  two  nucleotides  are  critical  for  the 
function  of  the  proposed  E4  region  regulatory  element.  Con¬ 
sequently,  it  was  surprising  that  virus  Ad9^nt9i9-io7o>  which 
the  segment  extending  from  nt  919  to  1070  is  deleted,  dis¬ 
played  a  partial  tumorigenic  rather  than  nontumorigenic  phe¬ 
notype  (Fig.  4).  The  reason  for  this  disparity  is  not  known,  but 
a  possible  explanation  could  be  that  for  virus  Ad9^nt9i9-io7o? 
DNA  sequences  immediately  downstream  of  the  deleted  re¬ 
gion  are  able  to  partially  complement  the  missing  component 
of  the  regulatory  element  in  a  position-dependent  manner, 
thereby  endowing  this  mutant  virus  with  weak  but  measurable 
tumorigenic  potential. 

A  function  for  the  proposed  regulatory  element(s)  has  not 
been  established,  but  we  presume  that  it  would  act  at  the  level 
of  transcription,  mRNA  stability,  or  splicing  within  the  Ad9  E4 
region  transcription  unit.  It  may  be  relevant,  however,  that  the 
crucial,  silent  nucleotide  differences  within  E4-ORF1  and  E4- 
ORF2  flank  both  sides  of  a  conserved  40-nt  noncoding  region 
containing  the  putative  splice  acceptor  site  at  nt  868  used  to 
generate  E4-ORF2  mRNAs  (Fig.  IB).  Additionally,  the  re¬ 
gions  affected  by  these  silent  nucleotide  differences  have  se¬ 
quences  and  locations  reminiscent  of  splicing  branch  sites  and 
exonic  splicing  enhancers,  respectively  (3).  Recruitment  of 
splicing  factors  to  such  elements  in  pre-mRNAs  facilitates 
splicing  through  the  formation  of  protein  networks  across  in- 
trons  and  exons.  Further  considering  that  alternative  splicing 
plays  a  central  role  in  regulating  gene  expression  by  the  ade¬ 
novirus  E4  region  (36),  we  favor  the  idea  that  the  proposed 
element(s)  functions  to  modulate  splicing  of  certain  E4  region 
mRNAs.  Perhaps  related  to  this  possibility,  future  studies  will 
examine  whether  reduced  E4-ORF2  splice  acceptor  site  selec¬ 
tion  during  production  of  E4  region  mRNAs  is  responsible  for 
the  decreased  E4-ORF2  protein  expression  observed  for  Ad9 
compared  to  Ad26  in  lytically  infected  A549  cells  (Fig.  3). 

While  the  proposed  regulatory  element(s)  is  expected  to 
directly  control  the  abundance  of  specific  E4  region  mRNAs  in 
cells,  this  activity  likely  ultimately  alters  expression  of  one  or 
more  E4  proteins.  Two  different  models  in  which  the  element 
either  increases  or  decreases  protein  expression  can  be  envi¬ 
sioned.  In  our  first  model,  the  abundance  of  E4  proteins  that 
enhance  tumorigenesis  by  Ad9  is  increased.  For  example,  an 
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Ad5  vector 


E3 
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4/4  1/3 


0/5  0/4 
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FIG.  8.  (A)  Genomic  structures  and  tumorigenic  potentials  of  El 
region-deficient  Ad5  recombinant  virus  vectors  that  express  the  LacZ 
(t//327Bstfi-gal),  Ad9  E4-ORF1  (c//327/9E4orfi),  or  Ad26  E4-ORF1 
(^//327/26E4orfi)  protein.  Methods  for  determining  the  tumorigenicity 
of  viruses  are  described  in  the  legend  to  Fig.  2A.  Asterisks  indicate 
results  obtained  after  inoculating  rats  with  7  X  10®  PFU  of  virus,  as 
opposed  to  the  7  X  10^-PFU  inoculum  used  with  other  rats  in  this 
experiment.  (B)  E4-ORF1  protein  expression  by  Ad5  vectors.  Immu- 
noblot  analyses  used  to  detect  heterologous  E4-ORF1  protein  in  ex¬ 
tracts  of  293  cells  mock  infected  or  lytically  infected  with  the  indicated 
virus  (10  PFU/cell,  24  h  postinfection)  were  carried  out  as  described  in 
the  legend  to  Fig.  3. 


increase  in  E4-ORF1  protein  levels  might  result  if  the  element 
were  to  block  conversion  of  the  primary  E4  region  transcript, 
which  expresses  the  E4-ORF1  protein  (7),  into  spliced  mRNA 
species  coding  for  other  E4  proteins.  Although  this  idea  is 
appealing  because  the  element  and  E4-ORF1  share  overlap¬ 
ping  sequences,  evidence  for  such  an  activity  was  not  obtained 
in  experiments  examining  E4-ORF1  protein  levels  in  A549 
cells  infected  with  hybrid  or  mutant  viruses  (Fig.  3).  It  must  be 
considered,  however,  that  this  postulated  function  for  the  ele¬ 
ment  may  be  restricted  to  specific  cell  types,  such  as  those  of 
the  rat  mammary  gland.  Additionally,  besides  possibly  increas¬ 
ing  accumulation  of  the  E4-ORF1  oncoprotein  in  cells,  the 
proposed  element  could  likewise  potentially  augment  levels  of 
other  adenovirus  E4  proteins  known  to  possess  transforming 
potential,  including  E4-ORF3  (30),  E4-ORF6  (27,  29),  and 
E4-ORF6/7  (47).  In  our  second  model,  we  imagine  that  the 
abundance  of  E4  proteins  that  suppress  tumorigenesis  by  Ad9 
is  decreased  by  the  proposed  element.  The  E4-ORF4  protein, 
which  triggers  programmed  cell  death  (26,  38),  and  the  Ad9 
E4-ORF3  protein,  which  antagonizes  tumorigenesis  by  Ad9 
(see  below),  represent  plausible  candidates  for  this  scenario. 

Although  the  Ad5  E4-ORF3  protein  has  been  reported 
to  possess  transforming  potential  (30),  our  results  with  virus 
Ad9/oRF3.sTop  indicate  that  the  Ad9  E4-ORF3  gene  product 
is  dispensable  for  Ad9-induced  tumorigenesis  (Table  1).  In 
fact,  compared  to  wild-type  Ad9,  Ad9/oRF3-sTop  displayed  en¬ 
hanced  tumorigenicity  in  rats,  as  revealed  by  the  shortened 
tumor  latency  period  in  females  and  by  the  occurrence  of 
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FIG.  9.  (A)  <i/327/9E40RFi-induced  tumors  are  histologically  identical  to  mammary  tumors  generated  by  wild-type  Ad9.  Female  tumor  1 
(FT#1),  female  tumor  2  (FT#2),  and  male  tumor  1  (MT#1)  are  fibroademomas.  The  stromal  portion  of  MT#1,  however,  is  more  sclerotic 
indicating  higher  collagen  composition.  (B)  i//327/9H40RFrinduced  mammaiy  tumors  contain  Ad9  E4-ORF1  cassette  DNA  sequences  (C)  but  not 
Ad5  El  region  DNA  sequences.  Tumor  DNAs  (2  (xg)  or  virion  DNAs  (1  ng)  were  subjected  to  PCR  amplification  using  primer  pairs  specific  for 
either  the  Ad9  E4-ORF1  cassette  of  virus  c^/327/9E4orfi  or  the  Ad5  El  region  (see  Materials  and  Methods).  DNAs  from  three  different 
^^/327/9E40RFrinduced  mammary  tumors  from  females  (FT#1,  FT#2,  and  FT#3),  as  well  as  one  from  a  male  (MT#1),  were  examined.  Water  or 
DNA  from  Ad5  virions,  CREF  cells,  293  cells,  or  an  Ad9-induced  tumor  served  as  controls.  PCR  products  were  separated  by  agarose  gel 
electrophoresis  and  stained  with  ethidium  bromide. 


tumors  in  males.  These  results  show  that  the  Ad9  E4-ORF3 
protein  actually  inhibits  Ad9-induced  tumorigenesis.  Further¬ 
more,  the  fact  that  Ad9/oRF3-sTOP  elicited  mammary  tumors  in 
males  with  100%  frequency  is  particularly  noteworthy  because 
tumors  induced  by  wild-type  Ad9  are  known  to  be  absolutely 
dependent  on  estrogen  for  growth  and  maintenance  (1,  17). 
Thus,  our  findings  with  Ad9/ orf3-stop  significant  in  argu¬ 
ing  that  the  Ad9  E4-ORF3  protein  is  responsible,  in  part,  for 
the  strict  estrogen  dependence  of  Ad9-induced  mammary  tu¬ 
mors.  In  this  regard,  one  interesting  possibility  may  be  that  the 
Ad9  E4-ORF3  protein  possesses  an  activity  that  attenuates  the 
response  of  estrogen  receptor  to  its  hormone  ligand  in  mam¬ 
mary  cells. 

It  is  remarkable  that  the  El  region-deficient  Ad5  vector 
^//327/9E4orfij  which  heterologously  expresses  the  Ad9  E4- 
ORFl  protein,  not  only  was  tumorigenic  in  rats  but  also  gen¬ 
erated  exclusively  mammary  tumors  identical  to  those  induced 
by  wild-type  Ad9  (Fig.  8A  and  9A).  Expression  of  the  Ad9  E4- 
ORFl  oncoprotein  is  specifically  required  for  this  effect  because 


the  Ad5  vector  or  <i^327/26E40RFi>  which  instead 

heterologously  expresses  the  Ad26  E4-ORF1  protein,  was  non- 
tumorigenic  in  rats.  Additional  work  is  needed  to  determine 
whether,  in  the  context  of  the  Ad5  vector,  both  silent  and  amino 
acid-altering  nucleotide  differences  are  responsible  for  the  inabil¬ 
ity  of  Ad26  E4-ORF1  to  promote  mammary  tumors.  Considering 
that  the  El  region  codes  for  the  major  transforming  functions  of 
Ad5  (37),  it  is  also  notable  that  Ad5  El  region  genes  were  found 
to  be  dispensable  for  tumorigenesis  by  virus  (Fig. 

9C).  This  observation  is  in  agreement  with  our  previous  find¬ 
ings  showing  that  the  Ad9  El  region  is  likewise  unnecessary 
for  mammary  tumorigenesis  by  Ad9  (41).  Nonetheless,  be¬ 
cause  the  Ad5  vector  used  in  these  studies  possesses  an 
intact  E4  region,  it  is  feasible  that  Ad5  E4  proteins  contrib¬ 
ute  to  the  tumorigenic  potential  of  dl321l Regardless 
of  this  possibility,  however,  the  fact  that  virus 
and  Ad9  display  nearly  identical  oncogenic  properties  in  rats 
provides  a  compelling  argument  that  the  major  oncogenic  de¬ 
terminant  of  Ad9  is  its  E4-ORF1  oncoprotein. 
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The  reason  that  Ad9  generates  only  mammary  tumors  in  rats 
has  not  been  established.  Its  select  tropism  is  unlikely  due  to 
restricted  infection  of  mammary  cells  in  animals  because  Ad9 
binds  to  the  same  widely  expressed  cellular  receptor  used  by 
Ad5  (33,  34).  Additional  findings  also  suggest  that  transcrip¬ 
tion  from  the  Ad9  E4  region  is  neither  enhanced  in  nor  limited 
to  estrogen  receptor-expressing  cells  stimulated  by  hormone 
(unpublished  results;  19).  Thus,  the  finding  that  the  Ad5  vector 
^//327/9E4orfi.  Ad9,  caused  exclusively  mammary  tumors 
in  rats  is  significant  because  it  indicates  that  certain  activities 
associated  with  the  Ad9  E4-ORF1  oncoprotein  serve  to  pro¬ 
mote  tumorigenesis  by  Ad9  selectively  in  cells  of  the  rat  mam¬ 
mary  gland.  These  observations  lead  us  to  hypothesize  that  in 
rats  inoculated  with  Ad9,  a  wide  variety  of  cell  types  become 
infected,  yet  only  within  certain  mammary  cells  are  the  novel 
activities  of  the  Ad9  E4-ORF1  oncoprotein  sufficient  to  induce 
oncogenic  transformation.  With  respect  to  this  possibility,  it 
may  be  found  that  cellular  PDZ  protein  targets  of  the  Ad9 
E4-ORF1  oncoprotein  are  particularly  important  regulators  of 
growth  and  proliferation  in  cells  of  the  mammary  gland  in  vivo. 

In  this  study,  we  identified  several  different  E4  region  func¬ 
tions  that  represent  key  factors  in  determining  the  unique 
tumorigenic  properties  of  Ad9,  including  the  propensity  to 
elicit  only  mammary  tumors  and  the  strict  estrogen  depen¬ 
dence  of  these  neoplasms.  Our  results  also  suggest  that  Ad9- 
induced  tumorigenesis  is  governed  by  a  complex  interplay  be¬ 
tween  these  E4  region  functions,  which  act  both  positively  and 
negatively  to  influence  this  process.  This  new  information  is 
expected  to  lead  to  a  more  complete  understanding  of  the 
mechanisms  responsible  for  tumorigenesis  by  Ad9. 
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ABSTRACT 


The  study  of  DNA  tumor  viruses  has  considerably  advanced  our  understanding  of  mechanisms 
responsible  for  the  development  of  cancer.  Adenovirus  type  9  (Ad9)  is  distinct  among  human 
adenoviruses  because  this  virus  elicits  solely  mammary  tumors  in  animals  and  its  primary 
oncogenic  determinant  is  the  E4  region-encoded  ORFl  (E4-ORF1)  protein.  Though  the 
mechanism  of  action  for  Ad9  E4-ORF1  is  not  yet  known,  our  previous  findings  indicate  that 
transformation  by  this  viral  oncoprotein  depends  on  its  interactions  with  a  specific  group  of 
cellular  PDZ  domain-containing  proteins,  including  the  multi -PDZ  protein  MUPPl  and  the 
membrane-associated  guanylate  kinase-homology  (MAGUK)  proteins  DLG  and  MAGI-1,  which 
are  predicted  to  function  as  adaptor  proteins  in  cell  signaling.  Here  we  report  identification  of 
the  cellular  factor  ZO-2,  a  MAGUK  and  candidate  tumor  suppressor  protein,  as  the  fourth 
Ad9  E4-ORF1 -associated  cellular  PDZ  protein.  Whereas  MUPPl,  MAGI-1,  and  DLG  likewise 
bind  to  non-tumorigenic  wild-type  E4-ORF1  proteins  encoded  by  adenovirus  types  5  and  12, 
ZO-2  was  shown  to  represent  an  exclusive  cellular  target  for  tumorigenic  Ad9E4-ORFl. 
Complex  formation  was  mediated  by  the  carboxyl-terminal  PDZ  domain-binding  motif  of 
Ad9  E4-ORF1  and  the  first  PDZ  domain  of  ZO-2,  and  in  cells  this  interaction  resulted  in 
aberrant  sequestration  of  ZO-2  within  the  cytoplasm.  In  addition,  transformation-defective 
Ad9  E4-ORF1  mutants  exhibited  impaired  binding  to  and  sequestration  of  ZO-2  in  cells,  and 
over-expression  of  wild-type  ZO-2,  but  not  mutant  ZO-2  lacking  the  second  and  third  PDZ 
domains,  interfered  with  Ad9  E4-ORF1 -induced  focus  formation.  These  results  suggest  that  the 
select  capacity  to  complex  with  the  candidate  tumor  suppressor  protein  ZO-2  is  key  to  defining 
the  unique  transforming  and  tumorigenic  properties  of  the  Ad9  E4-ORF1  oncoprotein. 
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INTRODUCTION 


The  5 1  different  serotypes  of  human  adenovirus  are  distributed  within  six  subgroups 
(A  through  F)  based  on  physical  and  hemagglutinating  properties  of  virions  (48).  In  people, 
these  agents  are  primarily  associated  with  respiratory,  gastrointestinal,  and  ocular  infections  (28). 
Under  experimental  conditions  in  rodents,  however,  viruses  comprising  subgroups  A  and  B,  as 
well  as  two  viruses  from  subgroup  D,  are  tumorigenic  (48).  Such  viruses  can  be  further 
subdivided  into  two  categories  based  on  the  types  of  tumors  they  elicit  in  animals  and  the  viral 
genes  responsible  for  their  oncogenic  potential.  Adenoviruses  from  subgroups  A  and  B  generate 
undifferentiated  sarcomas,  and  the  oncogenic  determinants  of  these  viruses  are  their  El  A  and 
ElB  genes  (22).  In  contrast,  human  adenovirus  type  9  (Ad9)  from  subgroup  D  elicits  only 
estrogen-dependent  mammary  tumors  (1,2,  32),  and  its  oncogenic  determinant  is  the  E4  region- 
encoded  ORFl  (E4-ORF1)  gene  (35,  53,  54).  Whereas  the  oncogenic  potentials  of  the  ElA  and 
ElB  proteins  largely  stem  from  their  capacities  to  inactivate  the  crucial  cellular  pRb  and  p53 
tumor  suppressors  (48),  respectively,  the  mechanisms  underlying  tumorigenesis  by  the 
Ad9  E4-ORF 1  protein  are  still  unknown. 

The  Ad9  E4-ORF1  gene  encodes  a  125  amino-acid  residue  polypeptide  which,  following 
expression  in  rat  CREF  fibroblasts  (16),  induces  a  multitude  of  transformed  properties,  including 
morphological  changes,  focus  formation,  anchorage-independent  growth,  and  increased 
saturation  densities  (59).  With  the  exception  of  adenovirus  types  40  and  41  comprising 
subgroup  F,  all  human  adenoviruses  code  for  an  E4-ORF1  protein  (7,  25,  26,  34). 
Representative  E4-ORF1  polypeptides  from  different  viral  subgroups  display  sequence 
similarities  ranging  from  45%  to  51%  identity  and,  in  addition,  these  viral  proteins  share  the 
ability  to  induce  anchorage- independent  growth  in  human  TE85  cells  (58),  revealing  a  common 
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transforming  activity  in  vitro.  Nevertheless,  among  this  family  of  viral  proteins,  only 
Ad9  E4-ORF 1  possesses  the  capacities  to  promote  tumors  in  animals  and  to  transform 
CREF  cells  (35,  53,  58).  An  interesting  possible  explanation  for  the  unique  properties  of 
Ad9  E4-ORF1  would  be  that  it  possesses  an  undetermined  activity  absent  from  other  adenovirus 
E4-ORF1  proteins. 

The  results  of  mutational  analyses  demonstrate  that  transformation  of  CREF  cells  by 
Ad9  E4-ORF1  is  dependent  on  three  separate  protein  regions  (56).  One  region  located  at  the 
extreme  carboxyl-terminus  of  Ad9  E4-ORF1  has  been  found  to  represent  a  PDZ  domain-binding 
motif  that  mediates  interactions  with  a  specific  group  of  cellular  PDZ  domain-containing 
proteins  (38,  57).  Three  of  these  PDZ  proteins  were  recently  identified  as  the  multi-PDZ  protein 
MUPPl  and  the  membrane-associated  guanylate  kinase  homology  (MAGUK)  proteins  DLG  and 
MAGI-1  (18,  37,  38).  These  interactions  result  from  the  ability  of  the  Ad9  E4-ORF1 
carboxyl-terminal  motif  to  bind  specific  PDZ  domains  within  each  cellular  factor.  Also  pertinent 
is  that  these  three  PDZ  proteins  represent  common  cellular  targets  for  the  subgroup  C  adenovirus 
type  5  (Ad5)  and  subgroup  A  adenovirus  type  12  (Ad  12)  E4-ORF1  proteins,  both  of  which  fail 
to  promote  tumors  in  animals  and  to  transform  CREF  cells  (18,  37,  38).  Thus,  despite  making 
predicted  important  contributions  to  the  limited  transforming  potential  common  to  all  adenovirus 
E4-ORF1  proteins,  interactions  with  MUPPl,  MAGI-1,  and  DLG  would  not  account  for  the 
additional,  unique  properties  of  Ad9  E4-ORF1. 

It  is  noteworthy  that  the  Tax  oncoprotein  of  human  T-cell  leukemia  virus  type  1 
(HTLV-1)  and  the  E6  oncoproteins  of  high-risk  human  papillomaviruses  (HPV)  also  have  a 
PDZ  domain-binding  motif  at  their  carboxyl-termini  (38).  The  motifs  of  these  viral  proteins 
similarly  mediate  interactions  with  multiple  cellular  PDZ  domain-containing  proteins,  including 
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DLG,  lin-7,  PSD-95,  and  pi-syntrophin  for  HTLV-1  Tax  (38,  46)  and  MUPPl,  MAGI-1,  DLG, 
and  scribble  for  high-risk  HPV  E6  proteins  (18,  37,  38,  44).  These  findings  may  indicate  that 
interactions  with  cellular  PDZ  proteins  contribute  to  the  tumorigenie  potentials  of  several 
different  human  virus  oncoproteins. 

PDZ  domains  are  protein-protein  interaction  modules  present  primarily  within  cellular 
factors  that  function  in  signal  transduction  (12).  A  distinguishing  feature  of  these  domains  is  that 
their  recognition  motifs  are  typically  located  at  the  extreme  carboxyl-terminus  of  target  proteins 
(51).  Several  different  types  of  PDZ  domain-binding  motifs  are  known  (14)  and,  at  their 
carboxyl-termini,  the  adenovirus  E4-ORF1,  high-risk  HPV  E6,  and  HTLV-1  Tax  proteins 
possess  a  type  I  motif  having  the  consensus  sequence  -(S/T)-X-(V/I/L)-COOH  (where  X  is  any 
amino-acid  residue).  With  respect  to  known  functions  for  PDZ  proteins,  these  eellular  factors 
generally  act  as  scaffolding  proteins,  which  organize  membrane  receptors  and  cytosolic  proteins 
into  large  signaling  complexes  and  localize  these  large  complexes  to  specialized  membrane  sites 
of  cell-cell  eontaet  (12, 14). 

While  the  preeise  signaling  functions  of  the  Ad9  E4-ORF1 -associated  PDZ  proteins  have 
not  been  determined,  it  seems  pertinent  that  DLG  is  a  mammalian  homolog  of  the  Drosophila 
discs  large  (dig)  tumor  suppressor  protein  (40,  43).  In  addition,  over-expression  of  DLG  has 
been  shown  to  block  progression  of  NIH  3T3  fibroblasts  fi-om  GO/Gl  to  S  phase  of  the  cell  cycle 
(29),  and  HTLV-1  Tax  is  able  to  inhibit  the  anti-proliferative  activity  of  this  cellular  protein  (52). 
Such  findings  have  led  us  to  propose  the  two  hypotheses  that  DLG,  and  perhaps  other 
Ad9  E4-ORF1 -associated  PDZ  proteins,  function  to  suppress  abnormal  cellular  proliferation  and 
that  the  viral  oncoproteins  target  these  cellular  factors  for  inactivation.  Our  results  showing  that 
Ad9  E4-ORF1  aberrantly  sequesters  MUPPl  and  MAGI-1  in  cells  and  that  high-risk  HPV  E6 
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oncoproteins  target  these  PDZ  proteins,  as  well  as  DLG,  for  degradation  in  cells  are  consistent 
with  these  ideas  (17, 18,  37). 

We  previously  reported  that,  in  addition  to  binding  MUPPl,  MAGI-1,  and  DLG, 
Ad9  E4-ORF1  likewise  complexes  with  two  unidentified  cellular  PDZ  proteins  designated  pi 55 
and  pi 60  (57).  Contrary  to  other  Ad9  E4-ORF1 -associated  PDZ  proteins,  however,  pi 60  fails  to 
interact  with  non-tumorigenic  Ad5  and  Ad  12  E4-ORF1  (57).  The  goal  of  the  present  study  was 
to  identify  this  uniquely  Ad9  E4-ORF1 -specific  binding  protein.  We  demonstrate  here  that  pi 60 
is  the  cellular  MAGUK  protein  ZO-2  (4,  36),  which  was  recently  identified  as  a  candidate  tumor 
suppressor  protein  (8-10).  Regarding  the  latter  assertion,  ZO-2  expression  was  either  lost  or 
significantly  decreased  in  80%  (4/5)  of  examined  breast  cancer  lines  and  in  83%  (5/6)  of 
examined  primary  breast  adenocarcinomas,  although  this  effect  was  rarely  seen  in  colon  cancers 
or  prostate  adenocarcinomas  (9).  Moreover,  the  ZO-2  gene  utilizes  two  alternate  promoters, 
giving  rise  to  two  ZO-2  isoforms  that  differ  at  their  amino-terminus  by  23  amino-acid  residues. 
Whereas  both  ZO-2  isoforms  were  detected  in  normal  pancreatic-duct  epithelial  cells,  the  longer 
isoform  was  absent  in  90%  (9/10)  of  examined  pancreatic-duct  carcinoma  lines  and  in  100% 
(4/4)  of  examined  primary  pancreatic  adenocarcinomas  (8,  10).  In  accordance  with  these 
observations,  we  show  that  the  transforming  potential  of  Ad9  E4-ORF 1  in  CREF  cells  is 
associated  with  its  ability  to  bind  and  aberrantly  sequester  ZO-2  and  that  over-expression  of 
ZO-2  in  these  cells  inhibits  Ad9  E4-ORF1 -induced  transformation.  Additional  results  also 
confirm  the  expected  failure  of  ZO-2  to  bind  non-tumorigenic  adenovirus  E4-ORF1  proteins.  In 
light  of  these  findings,  we  propose  that  the  exclusive  interaction  between  ZO-2  and 
Ad9E4-ORFl  bestows  distinct  transforming  and  tumorigenic  properties  to  this  viral 
oncoprotein. 
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MATERIALS  AND  METHODS 


Cells,  transfections,  and  extracts.  MDCK  (ATCC#  CCL-34),  COS-7  (19),  CREF  (16),  Cl 27 
(39),  and  TE85  (42)  cell  lines  were  maintained  in  culture  medium  [Dulbecco’s  Modified  Eagle 
medium  (DMEM)  supplemented  with  20  pg/ml  gentamicin  and  6%  or  10%  fetal  calf  serum 
(FCS)]  in  a  37°C  humidified  incubator  under  a  5%  CO2  atmosphere.  CREF  cells 
stably-expressing  wild-type  or  mutant  Ad9  E4-ORF1  proteins  (56)  or  an  influenza  hemagglutinin 
(HA)  epitope-tagged  wild-type  Ad9  E4-ORF1  protein  (58)  were  maintained  in  culture  medium 
supplemented  with  100  pg/ml  G418. 

Transfections  were  carried  out  with  either  Fugene  6  (Roche  Molecular  Biochemicals), 
Lipofectamine,  or  Lipofectamine  Plus  (Life  Technologies),  as  recommended  by  the 
manufacturer.  Preparation  of  cell  extracts  was  performed  as  described  previously  (18).  Briefly, 
cells  were  washed  twice  with  ice-cold  phosphate-buffered  saline  (PBS)  (4.3  mM  Na2HP04, 
1.4  mM  KH2PO4,  137  mM  NaCl,  2.7  mM  KCl)  and  lysed  in  either  IX  sample  buffer  (SB) 
[0.15  M  Tris-HCl  pH  6.8,  2%  (wt/vol)  sodium  dodecyl  sulfate  (SDS),  10%  vol/vol  glycerol, 
1%  (vol/vol)  P-mercaptoethanol,  0.0015%  bromophenol  blue]  or  RIPA  buffer  [50  mM  Tris-HCl 
pH  8.0,  150  mM  NaCl,  1%  (vol/vol)  Nonidet  P-40,  0.5%  (wt/vol)  sodium  deoxycholate, 
0.1%  (wt/vol)  SDS]  supplemented  with  protease  inhibitors  (6  pg/ml  each  of  aprotinin  and 
leupeptin,  300  pg/ml  phenylmethylsulfonyl  fluoride)  and  phosphatase  inhibitors  (0.2  mM 
Na3V04  and  50  mM  NaF)  for  10  min  on  ice.  The  resulting  cell  extracts  were  cleared  by 
centrifugation  (16,000  X  g,  20  min).  For  cell  fractionation  experiments,  the  pellet  recovered 
after  centrifugation  of  cell  extracts  was  suspended  in  a  volume  of  IX  SB  equivalent  to  the 
volume  of  RIPA  buffer  originally  used  for  cell  lysis  (18).  Protein  concentrations  were 
determined  by  the  Bradford  assay  (6). 
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Plasmids.  Ad9  E4-0RF1 -expressing  plasmids  GWl-90RFlwt,  GW1-90RF1IIIA, 
GW1-90RF1IIIC,  GW1-90RF1IIID,  and  pJ4Q-90RFl  have  been  described  previously  (37,  56). 
Plasmids  expressing  RasV12  (pSG5-RasV12)  and  polyomavirus  middle  T  oncoproteins 
(pPyMTl)  (55)  were  kindly  provided  by  Julian  Downward  (ICRF)  and  Janet  Butel  (Baylor 
College  of  Medicine),  respectively.  The  RasV12  cDNA  from  pSG5-RasV12  was  inserted 
between  the  Bglll  andE'coRI  sites  of  CMV  expression  plasmid  GWl  (British  Biotechnology)  to 
generate  GWl-RasV12.  Plasmid  pBS-ZO-2,  containing  a  wild-type  canine  ZO-2  cDNA  (4),  was 
generously  provided  by  Bruce  Stevenson  (University  of  Alberta).  The  following  three  ZO-2 
cDNA  modifications  were  accomplished  by  PCR  methods.  An  HA  epitope  tag  (15)  was  placed 
at  the  amino-terminus  of  ZO-2,  and  this  modified  cDNA  was  inserted  into  the  Smal  site  of  GWl 
to  generate  GWl-HA-ZO-2.  Plasmids  GW1-HA-ZO-2APDZ1  and  GW1-HA-ZO-2APDZ2+3 
were  derived  from  GWl-HA-ZO-2  by  deleting  the  majority  of  ZO-2  PDZl  [amino-acid  residues 
(aa)  11-66]  or  a  ZO-2  region  containing  both  PDZ2  and  PDZ3  (aa  288-531),  respectively.  ZO-2 
DNA  sequences  coding  for  PDZl  (aa  4-113),  PDZ2  and  PDZ3  (PDZ2+3)  (aa  290-585),  or 
unique  sequences  located  between  PDZ2  and  PDZ3  (US2/3)  (aa  394-495)  were  PCR  amplified 
and  inserted  into  the  BamRl  and  EcoKl  sites  of  pGEX-2T  in-frame  with  the  glutathione 
5-transferase  (GST)  gene  to  generate  plasmids  pGEX-PDZl,  pGEX-PDZ2+3,  and  pGEX-US2/3, 
respectively.  Plasmids  pGEX-2TK-90RF  1 ,  pGEX-2T-90RF  1 ,  pGEX-2T-90RFlIIIA, 
pGEX-2T-90RFlIIIC,  pGEX-2T-90RFlIIID,  pGEX-2T-50RFl,  and  pGEX-2T-120RFl  have 
been  described  previously  (57).  PCR  reactions  were  carried  out  with  either  deep  vent  (New 
England  Biolabs)  or  pfu  (Stratagene)  DNA  polymerase.  All  plasmids  were  purified  on  CsCl 
density  gradients  and  verified  by  restriction  enzyme  and  limited  sequence  analyses. 
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Antisera  and  antibodies.  Rabbit  polyclonal  antisera  to  Ad9  E4-ORF1  have  been  described 
previously  (35).  Rabbit  polyclonal  antisera  to  ZO-2  were  raised  against  a  purified, 
bacterially-expressed  GST-US2/3  fusion  protein  by  standard  methods  (23).  IgG  was  purified 
from  ZO-2  antisera  or  matched  pre-immune  sera  using  protein  A-coated  sepharose  beads 
(Amersham  Pharmacia  Biotech).  ZO-2  antibodies  were  affinity  purified  using  the  immunizing 
peptide  coupled  to  an  activated  Affi-Gel  10  immunoaffinity  support  (Bio-Rad)  (23). 
Commercially-available  antibodies  to  the  HA  epitope  (16B12;  Covance),  as  well  as  normal 
rabbit  IgG  and  peroxidase-conjugated  goat  anti-rabbit  or  goat  anti-mouse  IgG  (Southern 
Biotechnology  Associates),  FITC-conjugated  goat  anti-rabbit  IgG  (Gibco  BRL),  and  Texas 
red-conjugated  goat  anti-mouse  IgG  (Molecular  Probe)  were  used. 

GST-pulldown,  immunoprecipitation,  and  immunoblot  assays.  GST-pulldown  and 
immunoprecipitation  assays  were  performed  using  cell  extracts  in  RIPA  buffer  as  described 
previously  (38).  That  an  equivalent  amount  of  each  GST  fusion  protein  (5  pg)  was  utilized  in 
GST-pulldown  assays  was  verified  by  coomassie  staining  of  protein  gels.  Immunoblot  assays 
were  carried  out  with  primary  antibodies  to  either  Ad9  E4-ORF1  (1:5000),  HA  (1.2  pg/ml),  or 
ZO-2  (1:5000)  and  with  secondary  antibodies  to  either  horseradish  peroxidase-conjugated  goat 
anti-rabbit  IgG  or  goat  anti-mouse  IgG  (1:5000).  Membranes  were  developed  by  enhanced 
chemiluminescence  methods  (Pierce). 

Protein  blotting  assays.  ZO-2  PDZl  and  PDZ2+3  were  expressed  as  GST  fusion  proteins  in 
bacteria,  purified  on  glutathione  sepharose  beads  (Pharmacia)  (49),  separated  by  SDS 
polyacrylamide  gel  electrophoresis  (PAGE),  and  transferred  to  a  nitrocellulose  membrane. 
Methods  for  preparing  [^^P]-labeled  GST-Ad9  E4-ORF1  protein  probes  and  performing 
protein-blotting  assays  have  been  described  previously  (38). 
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Immunofluorescence  microscopy  (IF)  assays.  IF  assays  were  carried  out  by  standard  methods 
(23).  Briefly,  cells  were  grown  on  coverslips,  fixed  in  4%  paraformaldehyde  for  20  min, 
permeablized  with  0.1%  Triton  X-100  for  15  min,  incubated  in  IF  blocking  buffer  [TBS  (50  mM 
Tris-HCl  pH  7.5,  200  mM  NaCl)  containing  10%  goat  serum  (Sigma)]  for  1  h  at  room 
temperature,  and  incubated  with  either  affinity-purified  ZO-2  antibodies  (2.4  pg/ml)  or  normal 
rabbit  IgG  (2.4  pg/ml)  for  12  h  at  37°C.  Cells  were  rinsed  with  TBS,  incubated  with  IF  blocking 
buffer  for  1  h  at  RT  and  with  FITC-conjugated  goat  anti-rabbit  IgG  antibodies  (1:250)  (Gibco 
BRL)  for  1  h  at  37°C,  and  washed  extensively  with  TBS.  For  double-labeling  IF  assays,  cells 
were  incubated  with  a  mixture  of  ZO-2  antibodies  (2.4  pg/ml)  and  HA  antibodies  (50  pg/ml)  and 
then  with  a  mixture  of  FITC-conjugated  goat  anti-rabbit  IgG  (Gibco  BRL)  and  Texas 
red-conjugated  goat  anti-mouse  IgG  (Molecular  Probes)  antibodies  (1:250).  Cells  were  stained 
with  4’,6-diamidino-2-phenylindole  (DAPI)  (5  pg/ml)  to  visualize  nuclei  and  examined  with  a 
Zeiss  Axiophot  fluorescent  microscope. 

Focus  assays.  48  h  post-transfection  of  10^  CREF  cells,  cells  were  passaged  1:3  and  maintained 
in  DMEM  supplemented  with  3%  filtered  FCS.  At  approximately  three-weeks  post-transfection, 
cells  were  fixed  in  methanol  and  stained  with  giemsa  (VWR)  to  quantify  numbers  of  transformed 
foci  (35). 
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RESULTS 


Ad9  E4-ORF1  uniquely  complexes  with  ZO-2  in  cells.  Ad9  E4-ORF1  is  set  apart  from  other 
adenovirus  E4-ORF1  polypeptides  by  its  abilities  to  promote  tumors  in  animals  and  to  transform 
CREF  cells.  With  respect  to  a  specific  Ad9  E4-ORF1  activity  that  may  account  for  these  unique 
properties,  we  previously  detected  an  unidentified  cellular  factor,  pi 60,  which  binds  to 
tumorigenic  Ad9  E4-ORF1  but  not  to  non-tumorigenic  Adl2  and  Ad5  E4-ORF1  (57).  Given 
that  disruption  of  the  PDZ  domain-binding  motif  of  Ad9  E4-ORE1  abolishes  its  interaction  with 
pi 60  (57),  we  reasoned  that  pi 60  is  a  cellular  PDZ  domain-containing  protein.  A  search  for 
known  160-kDa  cellular  PDZ  proteins  led  to  ZO-2  (4),  a  cell  junction-associated  MAGUK 
protein  related  to  the  Ad9  E4-ORF1 -associated  proteins  DLG  and  MAGI-1  (Fig.  1).  In  addition, 
recent  reports  indicate  that  ZO-2  is  a  candidate  tumor  suppressor  protein  (8-10).  These 
observations  prompted  studies  to  assess  whether  pi 60  is  ZO-2. 

In  GST  pulldown  assays,  wild-type  ZO-2  tagged  at  its  amino-terminus  with  an 
HA  epitope  (HA-ZO-2)  and  expressed  in  COS-7  cells  complexed  with  the  wild-type 
Ad9E4-ORFl  GST  fusion  protein  but  not  with  the  GST  protein  control  (Fig.  2A).  This 
interaction  is  specific  because,  in  similar  assays,  we  have  shown  that  Ad9  E4-ORF1  fails  to  bind 
other  cellular  PDZ  proteins,  including  the  closely-related  MAGUK  proteins  ZO-1  and  ZO-3,  the 
multi-PDZ  proteins  FAP-1  and  hINADL,  and  the  Ras  effector  protein  AF-6  (18). 
Transformation-defective  Ad9  E4-ORF1  mutants  having  altered  PDZ  domain-binding  motifs 
were  also  tested  in  the  GST-pulldown  assays.  Mutant  IIIA  lacks  a  functional  PDZ 
domain-binding  motif  and  detectable  transforming  activity  in  CREF  cells,  whereas  mutants  IIIC 
and  HID  have  less  disruptive  PDZ  domain-binding  motif  mutations  and  retain  weak  transforming 
activity  in  these  cells  (Table  1)  (56).  In  pulldown  assays,  mutants  IIIA  and  IIIC  failed  to  interact 
with  HA-ZO-2,  while  mutant  HID  displayed  some  binding  activity,  albeit  substantially  less  than 
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that  of  the  wild-type  viral  protein  (Fig.  2A).  Moreover,  the  results  of  co-immunoprecipitation 
assays  performed  with  COS-7  cells  transiently  co-expressing  HA-ZO-2  and  either  wild-type  or 
mutant  Ad9  E4-ORF1  agreed  with  those  of  the  GST  pulldown  assays  (Fig.  2B).  Particularly 
notable  was  the  failure  of  Ad5  and  Ad  12  E4-ORF1  to  complex  with  HA-ZO-2  in  GST  pulldown 
assays  (Fig.  2C),  despite  the  presence  of  a  functional  type  I  PDZ  domain-binding  motif  at  the 
carboxyl-termini  of  these  viral  proteins  (Table  1)  (18,  37,  38).  We  likewise  did  not  detect 
binding  of  HA-ZO-2  to  non-tumorigenic  subgroup  B  adenovirus  type  3  E4-ORF1,  or  the 
HTLV-1  Tax  and  high-risk  HPV  E6  oncoproteins  (data  not  shown)  (18).  Therefore,  binding  of 
ZO-2  to  Ad9  E4-ORF1  is  highly  selective  and  dependent  on  the  PDZ  domain-binding  motif  of 
this  viral  protein. 

We  were  next  interested  in  determining  whether  Ad9  E4-ORF1  also  complexes  with 
ZO-2  endogenously  expressed  in  cells.  For  specific  detection  of  ZO-2,  we  raised  rabbit 
polyclonal  antisera  to  a  unique  100  amino-acid  region  between  ZO-2  PDZ2  and  PDZ3 
(aa  394-495).  The  ZO-2  antisera,  but  not  the  matched  pre-immmune  sera  (data  not  shown), 
recognized  an  expected  160-kDa  polypeptide  in  CREF  cells  and  several  other  cell  lines, 
including  canine  MDCK  cells,  human  293  and  TE85  cells,  and  murine  3T3  fibroblasts  (Fig.  3A). 
The  size  of  the  detected  protein  in  these  lines  was  identical  to  that  of  authentic  wild-type  ZO-2 
exogenously  expressed  in  COS-7  cells.  We  also  demonstrated  that  ZO-2  and 
Ad9  E4-ORF1 -associated  protein  pl60  co-migrate  in  a  protein  gel  (Fig.  3B).  This  finding, 
coupled  with  results  showing  that  these  two  proteins  likewise  display  identical  binding  profiles 
to  Ad9  E4-ORF1  mutants  and  fail  to  interact  with  Ad5  and  Ad  12  E4-ORF1  (see  Fig.  2C)  (57), 
strongly  argue  that  ZO-2  and  pi 60  are  the  same  proteins. 
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To  examine  whether  Ad9  E4-ORF1  also  complexes  with  endogenous  ZO-2  in 
CREF  cells,  we  employed  the  ZO-2  antiserum  in  co-immunoprecipitation  assays.  The  results, 
shown  in  Fig.  4,  indicated  that  wild-type  Ad9  E4-ORF1,  but  none  of  the  Ad9  E4-ORF1  mutants, 
co-immunoprecipitates  with  endogenous  ZO-2  from  lysates  of  CREF  cells  stably  expressing 
these  viral  proteins.  These  results  in  CREF  cells  differed  slightly  from  those  in  COS-7  cells  (see 
Figs.  2A  and  2B),  where  viral  mutant  HID  showed  substantially  diminished  yet  detectable 
binding  to  over-expressed  ZO-2.  This  discrepancy  likely  reflects  enhanced  detection  of  weak 
binding  between  mutant  HID  and  ZO-2  when  high  levels  of  this  cellular  protein  are  expressed  in 
COS-7  cells.  Nonetheless,  these  findings  are  important  in  suggesting  that  the  interaction 
between  ZO-2  and  Ad9  E4-ORF1  is  required  for  Ad9  E4-ORF1 -induced  transformation  of 
CREF  cells. 

Ad9  E4-ORF1  binds  ZO-2  PDZl.  To  initially  identify  the  ZO-2  PDZ  domain(s)  that  mediates 
binding  to  Ad9E4-ORFl,  we  blotted  membrane-immobilized  fragments  of  ZO-2  with  a 
radiolabeled  Ad9  E4-ORF1  protein  probe.  In  these  assays,  Ad9  E4-ORF1  interacted  with 
ZO-2  PDZl  but  not  with  a  ZO-2  fragment  containing  both  PDZ2  and  PDZ3  (PDZ2-I-3)  (Figs.  5 A 
and  5B).  This  interaction  required  the  Ad9  E4-ORF1  PDZ  domain-binding  motif  because  a 
mutant  IIIA  protein  probe  failed  to  react  with  either  of  these  ZO-2  peptides  (data  not  shown). 
Consistent  with  results  of  the  protein  blotting  assays,  wild-type  ZO-2  and  mutant  ZO-2  missing 
both  PDZ2  and  PDZ3  (HA-ZO-2APDZ2+3)  co-immunoprecipitated  with  Ad9  E4-ORF1  from 
lysates  of  COS-7  cells,  whereas  mutant  ZO-2  missing  PDZl  (HA-ZO-2APDZ1)  did  not 
(Figs.  5A  and  5C).  Therefore,  ZO-2  PDZl  is  both  necessary  and  sufficient  for  mediating  ZO-2 
binding  to  Ad9  E4-ORF 1  in  cells. 
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Ad9  E4-ORF1  aberrantly  sequesters  ZO-2  in  the  cytoplasm  of  CREF  cells.  We  have 
previously  shown  that  association  of  Ad9  E4-ORF1  with  the  cellular  PDZ  proteins  MUPPl  and 
MAGI-1  results  in  their  aberrant  sequestration  within  punctate  bodies  in  the  cytoplasm  of 
CREF  cells  (18,  37).  It  was  therefore  of  interest  to  examine  whether  ZO-2  is  similarly  affected 
by  Ad9  E4-ORF1  in  these  cells.  ZO-2  has  been  reported  to  localize  primarily  at  tight  junctions 
in  polarized  epithelial  cells  (36),  or  at  adherens  junctions  in  non-epithelial  cells  such  as  mouse 
3T3  and  rat  3Y1  fibroblasts  that  lack  tight  junctions  (31).  Consistent  with  these  observations, 
IF  assays  performed  with  our  antiserum  to  ZO-2  revealed  prominent  cell-cell  contact  staining  for 
this  cellular  protein  in  MDCK  epithelial  cells  (data  not  shown).  In  IF  assays  using  affinity- 
purified  ZO-2  antibodies  with  normal  CREF  fibroblasts,  however,  we  found  that  ZO-2  was 
located  primarily  in  the  cytoplasm  with  a  cytoskeleton-like  staining  pattern  and,  to  a  lesser 
extent,  at  the  plasma  membrane  (Fig.  6A).  In  contrast,  the  majority  of  ZO-2  in  CREF  cells 
stably  expressing  wild-type  Ad9  E4-ORF1  was  instead  aberrantly  sequestered  within 
cytoplasmic  punctate  bodies  (Fig.  6A).  Double-labeling  IF  assays  further  showed  that  ZO-2  and 
wild-type  Ad9E4-ORFl  co-localize  in  these  structures  (Fig.  6B).  This  effect  is  linked  to 
Ad9  E4-ORF1 -induced  transformation  in  that  transformation-defective  mutants  IIIA  and  IIIC 
failed,  or  mutant  HID  showed  a  substantially  reduced  capacity,  to  aberrantly  sequester  ZO-2  in 
these  cells  (Fig.  6A). 

The  results  of  cell  fractionation  experiments  confirmed  the  aberrant  sequestration  of 
ZO-2  by  Ad9  E4-ORF1  in  CREF  cells.  In  these  experiments,  normal  CREF  cells  or  CREF  cells 
stably  expressing  either  wild-type  or  mutant  Ad9  E4-ORF1  were  lysed  in  RIPA  buffer,  and  the 
cell  extracts  were  separated  by  centrifugation  into  soluble  (5)  supernatant  and  insoluble  (I)  pellet 
fractions.  Immunoblot  analyses  with  ZO-2  antiserum  were  carried  out  to  determine  the  relative 
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amount  of  ZO-2  present  in  each  fraction.  In  normal  CREF  cells,  ZO-2  was  present  primarily  in 
the  soluble  fraction  whereas  conversely,  in  CREF  cells  stably  expressing  wild-type 
Ad9  E4-ORF1,  the  majority  of  ZO-2  was  redistributed  into  the  insoluble  fraction  (Fig.  6C). 
Concordant  with  results  of  IF  assays  (see  Fig.  6A),  we  also  found  that  ZO-2  from  CREF  lines 
expressing  Ad9  E4-ORF1  mutants  exhibited  a  fractionation  profile  similar  to  that  of  normal 
CREF  cells  (Fig.  6C).  In  addition,  the  ZO-2  protein  present  in  the  insoluble  fraction  of  wild-type 
Ad9  E4-ORF1 -expressing  CREF  cells  displayed  a  reduced  gel  mobility  compared  to  that  of 
normal  CREF  cells  or  CREF  cells  expressing  Ad9  E4-ORF1  mutants  (Fig.  6C;  see  also  Fig.  4A). 
This  finding  suggests  that,  in  addition  to  aberrantly  sequestering  ZO-2,  wild-type  Ad9  E4-ORF1 
also  promotes  an  unknown  post-translational  modification(s)  to  this  cellular  factor. 

ZO-2  blocks  Ad9  E4-ORFl-mediated  transformation  of  CREF  cells.  Recent  reports  showing 
that  ZO-2  expression  is  lost  or  reduced  in  certain  human  cancers  (9,  10)  may  indicate  that  ZO-2 
suppresses  the  neoplastic  growth  of  cells.  This  idea  prompted  experiments  to  determine  whether 
over-expression  of  ZO-2  can  inhibit  transformation  by  Ad9  E4-ORF1.  In  accordance  with  our 
previous  findings  (59),  transfection  of  a  wild-type  Ad9  E4-ORF 1  expression  plasmid  into 
CREF  cells  resulted  in  numerous  transformed  foci  (Fig.  7A).  In  similar  assays,  however, 
inclusion  of  a  plasmid  expressing  either  wild-type  HA-ZO-2  or  mutant  HA-ZO-2APDZ1 
significantly  decreased  the  number  of  Ad9  E4-ORF 1 -induced  foci  (2.9-fold  and  2.5-fold 
reductions,  respectively),  whereas  inclusion  of  a  plasmid  expressing  mutant  HA-ZO-2APDZ2-I-3 
did  not  (1.1-fold  reduction)  (Fig.  7A).  The  latter  defect  of  HA-ZO-2APDZ2+3  does  not  result 
from  an  expression  deficiency,  as  this  mutant  achieved  steady-state  protein  levels  comparable  to 
those  of  wild-type  HA-ZO-2  in  both  COS-7  cells  (see  Fig.  5C)  and  CREF  cells  (data  not  shown). 
These  findings  are  important  in  providing  direct  evidence  that  ZO-2  possesses  a  transformation- 
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repressive  activity  and  in  specifically  localizing  this  activity  to  the  protein  sequences  deleted 
from  HA-ZO-2APDZ2+3.  Results  v^ith  mutants  HA-ZO-2APDZ1  and  HA-ZO-2APDZ2+3 
further  indicated  that  binding  of  ZO-2  to  Ad9  E4-ORF1  is  neither  necessary  nor  sufficient, 
respectively,  to  inhibit  Ad9  E4-ORF1 -induced  focus  formation.  Precedence  for  this  type  of 
effect  comes  from  a  study  showing  that  over-expression  of  a  mutant  p300  transcriptional 
co-activator,  which  is  unable  to  bind  the  adenovirus  El  A  oncoprotein,  retains  the  capacity  to 
overcome  ElA-mediated  transcriptional  repression  of  the  SV40  promoter  (13).  We  therefore 
predicted  that  ZO-2  would  also  be  able  to  suppress  transformation  by  other  viral  or  cellular 
oncoproteins.  Consistent  with  this  idea,  we  showed  that  over-expression  of  HA-ZO-2  in  CREF 
cells  likewise  significantly  diminishes  focus  formation  by  the  activated  RasV12  and  the 
polyomavirus  middle  T  proteins  (3.7-fold  and  2.9-fold  reductions,  respectively)  (Fig.  7B),  which 
lack  any  recognizable  PDZ  domain-binding  motifs. 
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DISCUSSION 


Among  human  adenoviras  E4-ORF1  proteins,  Ad9  E4-ORF1  is  unique  in  its  abilities  to 
promote  tumors  in  animals  and  to  transform  CREF  cells.  One  possible  explanation  for  these 
striking  distinctions  would  be  that  Ad9  E4-ORF1  possesses  a  crucial  oncogenic  activity  lacking 
from  non-tumorigenic  adenovirus  E4-ORF1  proteins.  Consistent  with  this  notion,  we  have 
previously  detected  a  160-kDa  cellular  polypeptide  that  complexes  with  Ad9  E4-ORF1,  yet  fails 
to  interact  with  non-tumorigenic  Ad5  and  Ad  12  E4-ORF1  (57).  Here  we  identified  this  specific 
Ad9  E4-ORF1 -associated  160-kDa  polypeptide  as  the  cellular  MAGUK  protein  ZO-2. 
Additional  results  in  CREF  cells  demonstrated  that  transformation-defective  Ad9E4-ORFl 
mutants  either  failed  or  showed  a  substantially  reduced  capacity  to  bind  ZO-2  and  that 
over-expression  of  this  cellular  protein  blocked  Ad9  E4-ORF1 -induced  focus  formation.  These 
findings  are  significant  in  suggesting  that  this  specific  interaction  with  ZO-2  is  essential  for  the 
Ad9  E4-ORF1  oncoprotein  to  transform  CREF  cells. 

It  is  also  important  to  note  that  Ad9  E4-ORF1  interacts  with  additional  cellular 
PDZ  proteins,  including  MUPPl,  MAGI-1,  and  DLG,  and  that  transformation-defective 
Ad9  E4-ORF1  mutants  likewise  display  impaired  binding  to  these  cellular  factors  (18,  37,  38, 
57).  These  three  PDZ  proteins  also  represent  common  cellular  targets  for  Ad5  and 
Ad  12  E4-ORF1  which,  despite  lacking  tumorigenic  potential,  are  similar  to  Ad9  E4-ORF1  in 
having  the  ability  to  transform  anchorage-dependent  human  TE85  cells  to  grow  in  soft  agar  (18, 
37,  38,  58).  We  therefore  favor  a  model  whereby  the  combined  interactions  of  multiple  cellular 
PDZ  proteins  with  Ad9  E4-ORF1  are  required  for  manifestation  of  its  full  transforming  potential. 
Nevertheless,  the  fact  that  ZO-2  binds  to  tumorigenic  Ad9  E4-ORF1,  but  not  to  non-tumorigenic 
Ad5  and  Ad  12  E4-ORF1,  suggests  that  this  particular  interaction  plays  a  central  role  in  defining 


17 


the  unique  tumorigenic  properties  of  Ad9E4-ORFl.  Moreover,  whereas  Ad9  E4-ORF1 
efficiently  transforms  CREF  cells,  we  have  been  unsuccessful  in  our  attempts  to  transform 
CREF  cells  with  Ad5  and  Adi 2  E4-ORF1  or  to  establish  CREF  lines  stably  expressing  these 
proteins  (58),  even  though  they  can  be  transiently  expressed  to  levels  comparable  to  those  of 
Ad9  E4-ORF1  in  these  cells  (SSL,  unpublished  results).  The  latter  observations  may  indicate 
that  the  ZO-2  interaction  also  serves  to  broaden  the  range  of  cell  types  susceptible  to 
transformation  by  Ad9E4-ORFl.  This  idea  is  attractive  as  our  findings  argue  that 
Ad9  E4-ORF1  plays  an  important  role  in  targeting  tumorigenesis  by  Ad9  exclusively  to  cells  of 
the  rat  mammary  gland  (53). 

As  we  propose  in  this  paper  that  the  tumorigenic  deficiency  of  Ad5  and  Adl2  E4-ORF1 
is  associated  with  an  inability  to  complex  with  ZO-2,  our  results  with  subgroup  D  adenovirus 
type  26  (Ad26)  E4-ORF1,  a  non-tumorigenic  protein  more  closely  related  to  Ad9  E4-ORF1  (33), 
also  require  discussion.  Contrary  to  the  non-transforming  phenotypes  of  Ad5  and 
Ad  12  E4-ORF1  in  CREF  cells,  Ad26  E4-ORF1  displays  potent  transforming  activity 
indistinguishable  from  that  of  Ad9  E4-ORF1  in  these  cells  (53).  Ad26  E4-ORF1  also  binds 
ZO-2,  as  well  as  the  other  Ad9  E4-ORFl-associated  cellular  PDZ  proteins  (unpublished  results). 
We  therefore  speculate  that  the  tumorigenic  deficiency  of  Ad26  E4-ORF1  is  unrelated  to  that  of 
Ad5  and  Ad  12  E4-ORF1.  Consistent  with  this  assertion,  we  have  shown  that  silent  nucleotide 
differences  between  Ad9  and  Ad26  E4-ORF1  are  responsible  in  part  for  the  divergent 
tumorigenic  phenotypes  of  these  viral  genes  (53),  suggesting  that  Ad.26  E4-ORF1  has  an 
unknown  expression  defect  in  relevant  cells  of  the  rat  mammary  gland. 

The  notion  that  the  tumorigenic  potential  of  a  viral  transforming  protein  may  be 
controlled  by  a  unique  activity  lacking  in  an  otherwise  equivalent,  non-tumorigenic  viral 
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transforming  protein  is  not  novel.  A  classic  example  of  this  concept  comes  from  comparative 
studies  with  the  tumorigenic  Adl2  and  non-tumorigenic  Ad5  viruses  (48).  Although  the  ElA 
and  ElB  genes  of  Adi 2  or  Ad5  similarly  cooperate  to  transform  cultured  cells,  only  those  cells 
transformed  by  Ad  12  ElA  and  ElB  produce  tumors  in  syngeneic,  immunocompetent  animals. 
The  difference  here  stems  from  the  fact  that  the  Adl2  ElA  protein,  but  not  the  Ad5  ElA  protein, 
is  capable  of  repressing  transcription  from  the  cellular  MHC  class  I  gene.  Thus,  cells 
transformed  by  Ad  12  ElA  avoid  lysis  by  host  cytotoxic  T  cells  and,  consequently,  can  form 
tumors  in  animals.  Contrary  to  this  unique  Ad  12  ElA  activity  permitting  oncogenically 
transformed  cells  to  evade  host  immunosurveillance,  we  instead  favor  the  idea  that  the  unique 
Ad9  E4-ORF1  activity  to  complex  with  ZO-2  functions  directly  in  the  process  of  oncogenic 
transformation,  such  as  disregulation  of  novel  pathways  that  control  cell-cycle  progression  or 
programmed  cell  death. 

ZO-2  was  originally  identified  through  its  association  with  the  closely-related  MAGUK 
protein  ZO-1  at  tight  junctions  (36),  specialized  cell-cell  contact  sites  forming  a  belt-like  region 
that  separates  the  apical  from  the  lateral  plasma  membrane  in  polarized  epithelial  cells.  ZO-2 
has  subsequently  been  found  to  associate  with  a  number  of  other  cellular  proteins,  including 
tight-junction  transmembrane  proteins  occludin  and  claudins  (30,  61),  tight-junction 
submembranous  proteins  ZO-3  and  cingulin  (11,  24),  adherens-junction  protein  a-catenin  (31), 
actin-associated  nonerythroid  protein  4.1R  (41),  and  F-actin  (61).  Therefore,  it  is  believed  that 
ZO-2  acts  as  a  bridge  linking  transmembrane  proteins  with  the  actin  cytoskeleton  at  specialized 
membrane  regions  of  cell-cell  contact,  as  well  as  a  regulator  of  signals  emanating  from  these 
sites  (20).  Such  processes  have  a  clear  association  with  carcinogenesis  because  the  hallmark 
properties  of  transformed  cells,  including  morphological  changes,  anchorage-independent 
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growth,  and  loss  of  contact  inhibition,  are  often  traced  both  to  deficieneies  in  processing  signals 
transmitted  from  neighboring  cells  and  to  disruption  of  the  cytoskeleton  (5). 

Although  ZO-2  has  been  found  to  localize  at  adherens  junction  membrane  sites  in 
non-epithelial  cells  (31,  36),  we  found  it  present  primarily  in  the  cytoplasm  of  CREF  fibroblasts, 
revealing  both  membrane  and  cytoplasmic  forms  of  this  cellular  protein.  P-catenin,  a  member  of 
the  Wnt/Wingless  signaling  pathway,  is  a  notable  example  of  a  protein  that  exists  in  multiple 
fiinctionally-distinct  forms  in  cells.  For  instance,  the  membrane-associated  form  of  P-catenin 
serves  as  a  structural  component  of  adherens  junctions,  whereas  the  cytoplasmic  and  nuclear 
forms  of  this  protein  function  as  latent  and  activated  transcription  factors,  respectively  (60). 
Similarly,  ZO-1  accumulates  at  the  plasma  membrane  of  confluent  cells  yet,  in  subconfluent 
cells,  this  cellular  protein  is  found  in  the  nucleus  (21)  where  it  complexes  with  the  Y-box 
transcription  factor  ZONAB  to  modulate  eell-cycle  progression  (3).  Because  ZO-2  contains  both 
putative  nuelear  loealization  and  export  signals  and  likewise  accumulates  in  the  nucleus  of 
subconfluent  cells  (20),  it  seems  probable  that  this  cellular  factor  also  performs  distinct  functions 
in  several  different  cellular  compartments. 

Of  particular  significance  to  the  present  study  is  that  ZO-2  has  recently  been  identified  as 
a  candidate  tumor  suppressor  protein.  This  observation  suggests  that  ZO-2  functions  to  inhibit 
inappropriate  cellular  proliferation  and,  consequently,  that  it  would  be  functionally  inactivated 
by  Ad9  E4-ORF1.  Supporting  both  of  these  notions,  we  demonstrated  in  CREF  cells  that 
over-expression  of  ZO-2  blocks  focus  formation  by  Ad9  E4-ORF1  and  other  oncoproteins  and 
that  Ad9  E4-ORF1  sequesters  ZO-2,  perhaps  post-translationally  modified,  within 
detergent-insoluble  cytoplasmic  complexes.  Ad9  E4-ORF1  similarly  sequesters  and  promotes  an 
unknown  post-translational  modification  of  MUPPf  and  MAGI-1  (18,  37),  but  not  DLG  (SL, 
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unpublished  observations).  We  have  suggested  that  Ad9  E4-ORF1 -induced  sequestration  may 
functionally  inactivate  PDZ  proteins  by  preventing  their  proper  localization  in  cells  and/or  their 
interactions  with  critical  cellular  factors  (18,  37). 

Our  results  showing  that  over-expression  of  ZO-2  blocks  Ad9  E4-ORF1 -induced  focus 
formation  in  CREF  cells  warrant  further  consideration.  Because  binding  of  over-expressed  ZO-2 
to  Ad9  E4-ORF1  was  neither  necessary  nor  sufficient  to  produce  this  effect,  the  transformation- 
repressive  activity  of  ZO-2  is  not  due  to  it  titrating  Ad9  E4-ORF1  away  from  other  critical 
cellular  targets.  Our  demonstration  that  over-expressed  ZO-2  likewise  interferes  with 
transformation  by  unrelated  oncoproteins  is  consistent  with  this  conclusion.  Instead,  we  propose 
that  ZO-2  has  an  intrinsic  transformation-repressive  activity  associated  with  a  specific  protein 
region  that  includes  both  PDZ2  and  PDZ3.  Based  on  this  hypothesis  and  others  discussed 
earlier,  we  have  formulated  a  model  whereby,  in  the  context  of  normal  cells  expressing  low 
physiologic  levels  of  ZO-2,  Ad9  E4-ORF1  is  able  to  sequester  the  majority  of  this  cellular  factor 
in  an  inactive  form,  thereby  neutralizing  the  transformation-repressive  activity  associated 
perhaps  with  PDZ2  and/or  PDZ3.  With  respect  to  this  model,  it  is  interesting  that  ZO-2  PDZ2 
has  been  shown  to  mediate  binding  to  ZO-1,  which  also  represents  a  candidate  tumor  suppressor 
protein.  Supporting  the  latter  claim,  expression  of  ZO-1  was  lost  or  significantly  decreased  in 
78%  (14/18)  of  examined  human  breast  adenocarcinoma  lines  (50)  and  in  69%  (33/48)  of 
examined  primary  breast  carcinomas  (27).  Loss  of  ZO-1  expression  also  correlates  with 
increased  in  vitro  invasiveness  and  decreased  differentiation  of  cancer  cells  (50)  and,  in  addition, 
the  amino-terminal  region  of  ZO-1  can  transform  epithelial  cells  to  a  mesenchymal  morphology 
(45,  47).  Thus,  an  intriguing  possible  scenario  is  that  ZO-1  and  ZO-2  form  functional 
tumor-suppressor  complexes,  which  can  be  targeted  for  inactivation  by  Ad9  E4-ORF1  through 
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its  ability  to  bind  and  sequester  ZO-2.  While  additional  work  is  needed  to  determine  whether 
this  idea  may  be  correct,  we  anticipate  that  future  studies  of  the  interaction  between 
Ad9  E4-ORF1  and  ZO-2  will  aid  in  revealing  molecular  mechanisms  whereby  this  candidate 
tumor  suppressor  inhibits  malignant  transformation  of  cells. 
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Table  1 .  Carboxyl-terminal  sequence,  transforming  potential  in  CREF  cells,  and  ZO-2-binding  capacity  of  wild-type 

and  mutant  adenovirus  E4-ORF1  proteins 


Protein 

Carboxyl-terminal  four  amino-acid  residues* 
(Consensus  type  I PDZ  domain-binding  motif) 

X  (S/T)  X  (V/I/L)-COOH 

Transforming 

potential  in 

CREF  cells** 

Binding 

to 

ZO-2*** 

wtAd9E4-ORFl 

A 

T 

L 

V 

+++++ 

+++++ 

mutant  IIIA 

A 

P 

- 

- 

mutant  IIIC 

D 

T 

L 

V 

+ 

- 

mutant  HID 

A 

T 

P 

V 

+ 

+/- 

wt  Ad5  E4-ORF1 

A 

s 

N 

V 

- 

- 

wtAdl2E4-ORFl 

A 

s 

L 

I 

- 

- 

♦Bolded  amino-acid  residues  depict  substitution  mutations. 


♦♦Scores  for  transforming  potential  are  based  on  focus  formation,  soft  agar  growth,  and  tumor  growth  assays  with 
Ad9  E4-ORF1  proteins  or  on  focus  formation  assays  with  Ad5  and  Ad  12  E4-ORF1  proteins  (58,  59). 
Additionally,  unlike  the  Ad9  E4-ORF1  protein,  the  Ad5  and  Ad  12  E4-ORF1  proteins  do  not  serve  as  oncogenic 
determinants  for  their  respective  viruses  (48).  -h-h-f,  wild-type  activity;  +,  weak  activity;  +!-,  very  weak  activity; 
-,  no  detectable  activity. 

♦♦♦Results  presented  in  this  study,  as  well  as  similar  findings  with  pl60  (57). 
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FIGURE  LEGENDS 


Figure  1.  Domain  structures  of  the  cellular  MAGUK  proteins  ZO-2,  MAGI-1,  and  DLG. 

PDZ,  PDZ  domain;  SH3,  src-homology  3  domain;  GuK,  guanylate  kinase-homology  domain; 

acidic  domain;  P,  alternatively  spliced  region;  pro-rich,  proline-rich  region;  WW,  WW  motif; 
NLS,  consensus  nuclear  localization  signal;  NES,  consensus  nuclear  export  signal.  Scale  at  top 
indieates  polypeptide  length  in  number  of  amino-acid  residues. 

Figure  2.  Binding  of  wild-type  but  not  mutant  Ad9  E4-ORF1  to  ZO-2  in  GST  pulldown 
assays.  (A)  ZO-2  binds  to  wild-type  Ad9  E4-ORF1  in  GST-pulldown  assays.  100  pg  of  protein 
from  RIPA  buffer- lysed  COS-7  cells  transfected  with  5  pg  of  either  empty  GWl  plasmid  or 
GWl  plasmid  expressing  HA-ZO-2  was  subjected  to  GST  pulldown  assays  with  the  indieated 
fusion  protein.  Reeovered  proteins  were  separated  by  SDS-PAGE  and  immunoblotted  with 
anti-HA  antibodies.  As  a  eontrol,  one-tenth  the  amount  of  protein  used  in  GST  pulldown  assays 
was  directly  immunoblotted  with  the  same  antibodies.  (B)  Wild-type  Ad9  E4-ORF1 
co-immunoprecipitates  with  HA-ZO-2.  150  pg  of  protein  from  RIPA  buffer-lysed  COS-7  cells 
eo-transfected  with  5  pg  of  GWl  plasmid  expressing  HA-ZO-2  and  5  pg  of  either  empty  GWl 
plasmid  or  GWl  plasmid  expressing  wild-type  or  the  indieated  mutant  Ad9E4-ORFl  was 
immunopreeipitated  with  Ad9  E4-ORF1  antibodies.  Reeovered  proteins  were  separated  by 
SDS-PAGE  and  immunoblotted  with  either  anti-HA  or  anti-Ad9  E4-ORF1  antibodies.  As  a 
control,  one-tenth  the  amount  of  protein  used  in  the  immunoprecipitation  reactions  was  directly 
immunoblotted  with  the  same  antibodies.  (C)  Binding  of  ZO-2  to  Ad9  E4-ORF1  but  not  to  Ad5 
and  Ad  12  E4-ORF1  in  GST-pulldown  assays.  Experiments  were  performed  as  described  above 
in  (A). 
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Figure  3.  Co-migration  of  ZO-2  and  Ad9  E4-ORFl-associated  protein  pl60.  ( A ) 

Gel  mobilities  of  ZO-2  proteins  expressed  in  various  cell  lines.  100  pg  of  protein  from  the 
indicated  RIPA  buffer-lysed  cells  was  separated  by  SDS-PAGE  and  immunoblotted  with  ZO-2 
antibodies.  As  controls,  2.5  pg  of  protein  from  RIPA  buffer-lysed  COS-7  cells  transfected  with 
4  pg  of  either  empty  GWl  plasmid  or  GWl  plasmid  expressing  wild-type  ZO-2  was  run  on  the 
same  protein  gel.  (B)  Ad9  E4-ORF1 -associated  cellular  protein  pi 60  co-migrates  with 
endogenous  ZO-2  of  CREF  cells.  50  pg  of  protein  from  RIPA  buffer-lysed  normal  CREF  cells 
was  separated  by  SDS-PAGE  and  then  immunoblotted  with  ZO-2  antibodies  {left  panel). 
Alternatively,  4  mg  of  protein  from  RIPA  buffer-lysed  normal  CREF  cells  was  subjected  to 
GST  pulldown  assays  with  the  indicated  fusion  proteins.  Recovered  proteins  were  separated  by 
SDS-PAGE  and  blotted  with  a  radiolabeled  Ad9  E4-ORF1  protein  probe  {right panel).  Samples 
in  both  panels  were  run  on  the  same  gel  to  allow  comparison  of  protein  mobilities. 

Figure  4.  Binding  of  wild-type  but  not  mutant  Ad9  E4-ORF1  to  endogenous  ZO-2  of 
CREF  cells.  1  mg  of  protein  from  RIPA  buffer-lysed  normal  CREF  cells  or  CREF  cells  stably 
expressing  wild-type  or  mutant  Ad9  E4-ORF1  were  immunoprecipitated  with  ZO-2  antiserum  or 
the  matched  pre-immune  serum  (pre).  Recovered  proteins  were  separated  by  SDS-PAGE  and 
immunoblotted  with  either  ZO-2  or  Ad9  E4-ORF1  antiserum  {top  panel).  As  a  control,  100  pg 
of  protein  from  RIPA  buffer-lysed  normal  CREF  cells  was  also  directly  immunoblotted  with  the 
same  antisera  {bottom  panel).  Sample  1  of  the  top  panel  was  not  analyzed  in  the  bottom  panel. 

Figure  5.  ZO-2  PDZl  mediates  binding  of  ZO-2  to  Ad9  E4-ORF1.  (A)  Illustration  of  ZO-2 
protein  fragments  and  ZO-2  deletion  mutants.  (B)  Specific  binding  of  Ad9  E4-ORF1  to  ZO-2 
PDZl  in  protein  blotting  assays.  Approximately  5  pg  of  the  indicated  ZO-2  GST  fusion  protein. 
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separated  by  SDS-PAGE  and  immobilized  on  a  membrane,  was  either  stained  with  coomassie 
brilliant  blue  dye  to  verify  the  presence  of  equivalent  amounts  of  protein  {left  panel)  or  probed 
with  a  radiolabeled  wild-type  Ad9  E4-ORF1  protein  probe  {right  panel).  (C)  Requirement  of 
ZO-2  PDZl  for  ZO-2  to  co-immunoprecipitate  with  Ad9  E4-ORF1  from  cell  extracts.  400  pg  of 
protein  from  RIPA  buffer-lysed  COS-7  cells  co-transfected  with  5  p,g  of  either  empty  GWl 
plasmid  or  GWl  plasmid  expressing  Ad9  E4-ORF1  and  5  |ig  of  GWl  plasmid  expressing 
wild-type  HA-ZO-2  or  mutant  HA-ZO-2  lacking  either  PDZl  (HA-ZO-2APDZ1)  or  both  PDZ2 
and  PDZ3  (HA-ZO-2APDZ2+3)  were  immunoprecipitated  with  Ad9  E4-ORF1  antibodies. 
Recovered  proteins  were  separated  by  SDS-PAGE  and  immunoblotted  with  anti-HA  or 
anti-Ad9  E4-ORF1  antibodies.  As  a  control,  one-fifteenth  the  amount  of  protein  used  in  the 
immunoprecipitation  reactions  was  also  directly  immunoblotted  with  the  same  antibodies. 

Figure  6.  Ad9  E4-ORF1  aberrantly  sequesters  ZO-2  in  the  cytoplasm  of  CREF  cells.  (A) 

Distribution  of  ZO-2  in  normal  CREF  cells  or  CREF  cells  stably  expressing  either  wild-type  or 
the  indicated  mutant  Ad9  E4-ORF1.  Indirect  immunofluorescence  (IF)  assays  were  performed 
with  either  affinity-purified  ZO-2  antibodies  {panels  a,  c-f)  or  normal  rabbit  IgG  {panel  b)  and 
visualized  by  fluorescence  microscopy.  (B)  ZO-2  and  Ad9  E4-ORF1  co-localize  within 
cytoplasmic  punctate  bodies  in  CREF  cells.  Double-label  IF  assays  were  performed  using  both 
affinity-purified  ZO-2  and  anti-HA  antibodies  in  CREF  cells  stably  expressing 
HA-Ad9  E4-ORF1.  Each  of  the  three  panels  represents  the  same  field  of  five  cells  stained  for 
ZO-2  {left  panel),  HA-Ad9  E4-ORF1  {center  panel),  or  the  merged  images  {right  panel).  (C) 
Ad9  E4-ORF1  aberrantly  sequesters  ZO-2  within  detergent- insoluble  complexes  in  CREF  cells. 
Normal  CREF  cells  or  CREF  cells  stably  expressing  either  wild-type  or  the  indicated  mutant 
Ad9  E4-ORF1  were  lysed  in  RIPA  buffer,  and  extracts  were  centrifuged  to  produce  RIPA 
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buffer-soluble  (S)  supernatant  and  RIPA  buffer-insoluble  (I)  pellet  fractions.  100  ^ig  of  protein 
from  S  fractions  or  an  equivalent  amount  from  I  fractions  (see  Materials  and  Methods)  was 
separated  by  SDS-PAGE  and  immunoblotted  with  either  ZO-2  or  Ad9  E4-ORF1  antiserum. 

Figure  7.  ZO-2  inhibits  oncogene-induced  focus  formation  in  CREF  cells.  (A)  ZO-2 
interferes  with  Ad9  E4-ORF1 -induced  focus  formation.  CREF  cells  were  transfected  either 
alone  with  8  pg  of  empty  GWl  plasmid  or  GWl  plasmid  expressing  the  indicated  wild-type  or 
mutant  HA-ZO-2  protein  (lanes  1-4)  or  together  with  2  pg  of  pJ4Q  plasmid  expressing  wild-type 
Ad9  E4-ORF1  (lanes  5-8).  At  three  weeks  post-transfection,  transformed  foci  were  counted. 
Numbers  of  transformed  foci  are  presented  as  percent  relative  to  the  Ad9  E4-ORF1  plasmid 
alone  (control),  which  was  normalized  to  100  percent.  Data  are  compiled  from  three 
independent  assays,  each  performed  in  duplicate.  (B)  ZO-2  also  blocks  focus  formation  by  the 
RasV12  and  polyomavirus  middle  T  oncoproteins.  CREF  cells  were  transfected  either  alone 
with  9  pg  of  empty  GWl  plasmid  or  GWl  plasmid  expressing  wild-type  HA-ZO-2  protein 
(lanes  1-2)  or  together  with  3  pg  of  either  pJ4Q  plasmid  expressing  wild-type  Ad9  E4-ORF1 
(lanes  3-4),  GWl  plasmid  expressing  RasV12  (lanes  5-6),  or  pPyMTl  plasmid  expressing 
polyomavirus  middle  T  (PyMT)  (lanes  7-8).  Assays  were  scored  as  indicated  above  in  (A). 
Numbers  of  transformed  foci  are  presented  as  percent  relative  to  the  respective  Ad9  E4-ORF1, 
RasV12,  or  PyMT  plasmid  alone  (control),  each  of  which  was  normalized  to  100  percent.  Data 
are  eompiled  from  two  independent  assays,  each  performed  in  duplicate. 
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